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ABSTRACT . \ -

Compar1son of some physico-chemical character1st1cs of crude oi
samples from Pembina and Ra1nbow 011 fields of North Central Alberta
_shows some differences. The generally higher Bottom Sediment and water'
content of hainbow crude 0il, as against the 1ouer values obtained for
Pemb1na crude 0il did not correlate W1th the higher 1nc1dence of -

plpe ine failure from corros1on reported for the p1pe11ne system serv1ng

the Pembina o0il f1e1d This indicates that factor(s) other than or
in add$t1on to, pure electrochem1ca1 attack is respons1b1e for the :
observed\frequenc1es of plpe failure reported in the two .pipeline
systems., Th\ marked absence of bacteria 1n Rainbow crude 0il1 and the
1nvar1ab]e occurrence of bagteria in Pembina o0il samp]es are po1nters‘
to the probable contr1but1on.of bacteria to the high incidence of
~corrosion fai]urexobserved in Pembina pipeline system. |

A var1ety of acter1a, 1nc1ud1ng the anaerob1c sulphate reducers
. and aerob1c/facu1tatwve bacteria occur in Pembina crude o1l samp]es
and proddced water, \gome of these bacteria 1solated acted in concert
to produce Sé giving riie to the cascade system of 52 generat1on
| A Pseudgmonas sp. 1sb1ated from Pemb1na crude 01l and des1gnated
Iso]ate #200f1s capab]e of xeducing. sulph1te th1osu1phate and
e]emental su]phur to su]ph1de\\1n addition to reduc1ng ferric iron .
[Fe(III)] to ferrous form [Fe(f{)] The capability of Isolate #200 to B
reduce Fe(III) to Fe(II) is iron- \nduc1b]e and is assoc1ated w1th thev
cytochrome content of the cells. fhe ability to reduce Fe(III) to Fe(II)

1ncreases with cytochrome content and\¥§\1nh1b1ted by e]ectron transport -
a ‘ . ‘ R

iy \\\
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f”inhibitons whole ce]ls and. spherop]ast preparat1ons are capable of
requc1ng Fe(III) but 1so1ated ce11 components ]ack any s1gn1f1cant~
jab111ty to reduce Fe(III) to Fe(II) ' | S o
Polarization character1st1cs of m11d steel 1n cu]tures of Isolate
#200 show that the organ1sm causes” an0d1c depo]ar1zat10n Both~anod1c.
- and cathodxc depo]ar1zat1on,‘however may occur under certain, cu]tural'
: cond1t1ons Photomlcrographs assoc1ate anod1c depo]ar1zat1on of the
mild steel with the prevent1on of thg formation of surface coat on the
steel spec1mens ‘Intense anodi¢ depo]ar1zat1on of mild steel pa§s1vated
iby nitrite treatment . show that the depolar1zat1on is due to thevremovql
pf protectiveyféhric film during the reduction to the soluble Fe(II)
forms. Expdsuréhdt the mild.steel coupons in cnltures of Isolate #200
'causes_weight losses and néy_cause nit formntion; as we11.  .
Isolate #200,\or any'microorganism wfth similar physiological
charactbristics,‘pquéSSes.the.capabiiity to ;ignificant1y modify its
environment to'caUse'cohrosipn‘of iron.and steel and is,'therefore,\
considercd a corrosion organism;iitsrcorrosive activities stem from the

combined ability to reduce Fe(III) to Fe(II) and to produce S2~.
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ABBREVIATIONS, SYMBOLS AND SYNONYMS
The symbols Fe(III) ahd'Fe(II) have been USed to denote iron in the
oxidation states 3 (ferrfc)‘and 2 (ferrous), Fespective1y. These symbols
were used instead of Fe{+ and Fe2+,‘in recognition of the fact that 1kqn“{
in iron compounds present in the oxidation state 3 or 2 may not

’

necessarily exist as the dissogiated species.
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- INTRODUCTION

The Prob]em o

Very . frequent fa1]ure of the crude 011 p1pe11ne system serving the
.Pemb1na oilfield of florth Central Alberta has been observed. Associated
with thie observation has been a constant occurrence of a variety of |
.bacteria] popu]ations:ih the orude 0il being transported_indthe pipe1ine"

'system and in the crusts of the corrosion.products In eddition to
ahaerooes, a thr1v1ng aerobic- facu]tat1ve anaerobic bacterial popu]at1on
also exists in Pemb1na crude oil. : _' \\‘Q
’ Often, primary-producing 0ilfields (e.g. Ra1nbow 011f1e1d of
Horthestern Alberta) do not have this Toad of bacteria.. A]though the
a1nbow field crude oil has s1m11ai chemical characteristics as the
Pembtna 0il1, not as much,plpe failure has been reported in the Rainbow .
oiT-carrying~system Pembina field is a secondary- produc1ng f1e1d and
depends on the 1nJect1on of water to maintain product1on The
lconsp1cuous difference between these two o1l samp]es is the marked
absence of detectab]e mlcroorgan1sms in the Ra1nbow crude oil. This is
circumstantial evidence for a possible ro]e of these microorganisms ih
the corrosion process' Moreover the corrosion product in Pembina |
11nes conta1ns ferrous su]ph1de wh1ch 1s cons1dered indicative of
anaerobic m1crob1q1 corrosion.
:h‘f Some of the aerobic bacterie1 contaminants'of Pembina 011 show
extenoive.biochemicol capabi1itfes but their role, if any;lin corrosion
process is not knowh. It was be11eved however, in th; laboratory
~ that the corrosion of the pipeline system_was.engendered by the

,\]

I



activjtfes of all these contaminant bacteria. It was in the attempt

to uriderstand the role of these organisms in the corrosion process

that this research was undertaken.

Theoretical basis for microbial corrosion

vItlis difficu]t to visualize' how microorganisms can cause
'corrqsion,of metals. A éenera] consideration of the thermodynaéfc
: chdnges involved in wihning metals from their ores is a good basis'fer
understanding the potehtia1 role of microbrganfsms in the COrrosiOn of
metals. - | -

Most metals occur in nature, not as the eiement, but as oxides,
su]ﬁhides (von Ffaunhofer, 1974) orlOther compounds, Z.e. as ores, in
which the metqfs occur in higher oxidation states than are observed
when they are'in the elemental ferms Extractive meta]]urgy includes

the reduct1on of these ox1d1zed states to the free meta1s This

reductive process involves input of energy, Z.e. work'*1s done on the

ores (equation 1). « . R
4 e reduction Mo 4 . )
(ore '(reduqi?g - (base metal) -
power " ‘ .-

This is essentially the reverse of corrosion:

(bage : (eorrosion ‘

 metal) ) ' product)

!

~ As a resu]t of‘the reductive process, free»metaTs possess higher
internal energy relative to their ofes. In keeping with basic thermo- ‘
'dynam1c principles, meta] w111 tend to lose their excess energy and be

transformed into their more stab1e oxidized states These changes are

.



\\\\\lllkstrated in fig. 1. ‘ o \\\
o A1thdﬁ§h«strgctura1 metals are stab]e the]r stab111ty 1s finite \
and is determined by the meta]s tendency to lose the extra energy ' \\\\
>(i.e. e]ectfons) acquired_dhring the extractive (reduct1ve process) { ;\\
. As shown in figure 1, it is evident that for a base metal, like-iron,
transfehmation to an oxidized state is thermodynamically favoured.
‘Howeve;, a]though the reaction is thermodynamically feasib1e it still
m&} not proceed fast enough to be an industria] prob1em.
’ Corros1on has been def1ned as the deterioration of a.meta]
because of its reaction with its enV1ronment (Fontana and Green, 1967)
- The environment in which a metal is p]aced may contribute to the
corros1on process by acceleratipng the oQﬁdat1on react1on (equatlon 2)
Microorganisms by virtue of their biochemical activities can modjfy4
their ehvironment.( It is by thig proeess that microorganisms acceléenc
ate the dejehergizing of metals (Z.e. corrosion), a reacfion which is.

/

favoured thermodynamically,f as illustrated in fig. 1. Therefore,

-

corrosion prob]ems\encountered~in any .environment are actua]1y not a -

thermodynam1c one but a kinetic one:

- On the basis of this d1scu551on, it is .evident that a rational

~/ approach in understanding the role of microorganisms in the corrosion

/

of metals is to study the;erocesses by which the organishs modify the

environment and how these environmental modifications can affect the

structural integrity of the metal.



Fig.

Diégramatic‘feprésentafion of thefchdngeévin thé internaT
energy content of pfodﬁcts of metal ore-hetaT-corroSibn

proddct'transformation, The broken iine betweénAé#é metal
ore and corrosion product indicates that these}substantés.

may or may not be of the same chemicalvn@ture.
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LITERATURE REVIEW

Microbial Corrosion of Metals: - .{C.;ljtf'

Corros1on occurs as a resu1t of phys1co chem1ca1 1nteract1on of
meta] w1th 1ts env1ronment M1crobes can cause\and acce]erate B
corrosion because of their ab111ty to affect changes in the env1ronment

s —

If m1croorgan1sms are to alter the1r env1ronment there must be
adequate sources of carbon and energy for growth and métabol1sm Soil
and water env1ronments conta1n varied: amounts of organ1c and 1norgan1c
materials that may serve as energy sources for chemonorganotroph1c and
‘chemo- 11thotroph1c organ1sms, respectlvely Chemo organotrOph1c
organ1sms are those that ut111ze organ1c compounds as energy sources,

: wh11e chemo- 11thotrophs obta1n the1r energy by oxidation of inorganic
compounds. Moreover, the env1ronment may encompass ‘a range of phys1ca1
condttions (Tike pH Ep, and aerat1on) that . supports d1fferent forms of
microbial ]1fe The degree of aeration plays a prominent ro1e in the
d1vers1ty of microbial Tife. Under aerob1c .conditions only organlsms '
which need 0, as: term1na1 e]ectron acceptors (aerobes) and facu]tat1ve
anaerobes (organ1sms that can grow 1n the presence or absence of 02)‘=“
_thr1ve Env1ronments dev01d of 02 support only the growth of anaerobes
(Organisms that do not use 0y as terminal e]ectron acceptor and may be

'k111ed by traces of 02) and facu]tat1ve anaerobes It 1s apparent

8 therefore, that m1crob1a1 corr051on has to be cons1dered as a prob]em

when meta]s are 1ntroduced to aquat1c and/or so11 env1ronments

The role of m1croorganlsms in corr051on of’meta1s has been dTSCUSS- -

ed by Hughes. (1963) Baumgatner (1923) and westlake and Cook (1979)
6 N o ;
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However, the diversity of microbial population in any natural environ-
0 B .,/ l“/’

"ment renders any exact.classification of type of corrosion according to

[

\specific organisms difficult (Updergraff, 1955)

Corrosion pf metals by microorganisms has been associated with two
genera of bacterfa, the aerbbic Thiobacillus and the anaerob{é Déqufbv—
?Erio spp. Their corrosive activities stem from\théiriinteractions'
Q}th-sulphur and iron compounds. Under aéfobic conditions Thiobacillus
spp oxidize feddced su]ﬁhur compounds to sulphuric acid yhiéﬁ reacts
with the metal. On the other hand,‘besulfbvibrioAspp.vact,-Undek
anaerobic cdnditioné,-réduciﬁg su]phate tamsu1phide which reacts with'f
the meta1 to form the characteristic corrosion product like ferrous
su]phlde (FeS) when Fe(Il) is present. Hadley (1948) noted that micro-
organisms which cause corrosion do so by one or more factors whxch
) depend on the phy51ology of the organisms. Thess factors 1nc1gde.

(i) direct influence on the rate of\thévanodic or
cathodic react1on,
(if) change of surface f11m res1§!§§ce by‘the1r
- metabolic activities;
(ii1) creation of corrosive énvironment;/
(iv) establishment of‘bafﬁier by gfowtﬁta;d mu]tiplication

so as to create electrolytic concentration cells.

Anaerobip Corrosion of Metals

Ever since the early observations of Bengoudh and May (1924), and
von Wolzogen Kuhr and van der Vlugt (1934), much has- been reported on
anaerob1c corros1on of metals, mainly ferrous meta1s ‘This form of

corr051on occurs in wet, neutra] soil devo1d of Qz, conditions previously
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thought to he ideal for the prevention of corrosion. Anaerobic
corrosion is largely due to the production of hydrogen su]phldes by
sulphate- reduc1ng bacteria-and is character1zed by pit format1on and
formation of insoluble corrosion product, ferrous sulphide. Su]ohate-
reducing bacteria, most important being pesquboibrio‘spp;, have been
the most studied bacterial agent of corrosion. Moreover, Desulfbuibrio
SPp. are ubiquitous, having been found innmuddy water and soils e]l
over the world (Miller, 1970), in rumen (Co]eman ]960) and ﬁn 01l and -
oas storage systems (Pankhurst, 1967) To some extent, anaerob1c spore—

for‘mmg CZostmdwm mgmf'wans, now known to be Desulfotomaculwn

nigrificans (Postgate, 1979), has been implicated but its occurrence is

rare in oilfields where much‘corrosion damage has been reported (NACE

-G

TPC Publication, No. 3).
Hadley (1939) considered microbial anaerobic corros;on of meta1s
to be the most important corrosion process in naturef‘ This conclusion
stemmed from the inferred occurrence of pipeline railure due to the
activity of bacterial su]phate—redocers.A fhe 1mportancefo% sd]phate;

reducing bacteria in the anaerobic corrosion of. pipelines which carry

sewage, and 0il and gas was reiterated by Beckwith (1941). Bastin

(1926) has earlier demonstrated the existence of sulphate-reducing

bactéria in o1l and water samples from a depth of 518. 2 metres (1700

ft.) underground. Both. the chemical character1st1cs of the water and

~ the sulphur content of crude 0il were affected by the presence of these

organisms. = The work of Ku]man (1949) had shown the Ppresence of su]phate-
reduc1ng bacteria in soils where corrosion of pipeline occurred.

s
Although seasonal var1at1o/5/1n aeration and soil moisture cou]d affect

"the type of corros1on process, anaerob1c bacter1a were associated w1th



underground corfdsion cycle (Ki]mah, 1949; Horvath, 1962). Butlin,
Vernon and whi§kin'(1952) reported that sulphate-reducing bacteria were
‘associated with most of étedied cases of corroded water mains. The
extent of anaerobic underground corrosion in the United States was
reviewed by Logan (1949) Deuber (1953) and more recently in Britain

by Miller (1970). |

The early studies of anaerobic corrosion was by burial of metal

strips in soils. The result of these studies was complicated by the
fact that neither the exact soil env{?qnmeny.cou1d be easily deter-
miﬁed, nor was the soil uni%orm or stab]e; The\;ariatfons in soil
characteristics, chemical or phyeical, wou1d»e;éﬁt seme effect on the
corresion prdcessiindependent of bacterial e.fivity} As an examp]éi
since the conductinty of the soil is e]ectro]?tic< the amount and

type of salt present would determine the conductivi}y, and corrosivity
of the soil will increase w1th sa]t content More-recently, studies of
é1crob1a1 anaerobic. corrosion involved the uee of pure cu]tures of
organisms. Such. stud1es have enabled workers to 1nvest1gate and
evaluate mechanisms by which anaerobic organ1sms cause corrpsion and .
have been extensiveiy discussed by Mitler (1970). Moreover, the use of
'pure‘cu1tures enables investigators to study the effects of specific
environmentai factors on metal corroeion; Willingharn and Quinby (1971)
studied the effects of hydroszatic pressure on anaerobic corrosion by
three marine sulphate-reducing bacteria, while Boeth et al. (1966 1967)

’1nvest1gated ;he effects of ferrous ion concentration on anaerobic

corrosion by gzsuljbvzbrmo Spp.
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Mechanisms of Anaerobic Corrosion
A

Cathodic Depolarization

Most of recent work on microbial corrosion has been aimed at
confirming or disproving the mechanism of anaerobic corrosiqn of iron
and steel as proboSed by von Wolzogen Kuhﬁ.and van der Vlugt (1934) and
Wolzogen Kuhr (1961). .These workers had proposed that sulphate-reducing
bacteria are able to remove molecular hydrogen from polarized cathodes,
oxidizing it to protons and electrons. The reducing powe} of the |

electrons is then utilized by~su1phaterreducfng bacteria for the dis-

o

similatory réduction of sulphate t0-su1bhide according to the equation:
0,27 % 4H, » SZ 4 4H,0
This proposal is suppbrted by an earlier observation (Stephenson and
Strickland, 1931) that sulphate-reducing bacteﬁia'possess the enzyme,
hydrogenase, that utilizes hydrogen for the reduction of su]phé%é‘énd by
the later works of Starkey and Wright (1945)_ahd But]in.aﬁd Vernon (1952)
The detailed mechanism proposed by von Wolzogen Kuhr andtyan der Viugt

was: Anodic reaction: 4Fe -~ 4Fé(II) + 8¢

- Dissociation of water: 8H,0 - 8H+ + 80H™
Cathodic reaction: g’ + 8 -+ 8H

Cathodic depolarization: S0,2° + 8H' - S$2 + 4H,0

Corrosion product: Fe(II) +7527 > FeS
Corrosion product: 3Fe(Il) + 60H - 3Fe(OH),
Overall reaction: 4Fe + 50,27 + 4H,0 -

Fe(0H), + FeS + 20H



11.-

This mechanism suggests thdt the ratio»of metal corroded to the sulphide
- produced is 4:1, however, ratioé much different from this have béen
known (Mi]Ter, 1970). |

Working withApure cultures of su]phété-reducing bacteria, Horvath
‘, and Solti (1959) and Booth and Tiller (19605:demonstrated that fhese‘
organisms -actually brought about éathédic depolarizationu w%th
‘Desulfbvﬁbrio vulgaris strain Hi]denbbrough,'dépo1arization'of the
cathodic pfocesé was evident only during the active growth. It Was a]sb
observed that cathodic depo]arigation occurred only with hydrogehasei
positive organisms. Thus,‘no dépo]arizatidn was observed withADesqubto-
maculum orzentzs which is hydrogenase -negative. Because there is a
11near re]at1onsh1p between corros1on rate andﬁhydrogenase act1v1ty,
‘Booth and Wormwell (1961) concluded that cathodic depolarization was a
primary factor in corresion by su]phate -reducers. Further studies by
Booth and Tiller (1962) showed very 1nterest1ng resu1ts In halophilic
Desulfbvmbrto salengens California 43:63, no protective ferrous film
was found. In add1t1on although this stra1n showed no hydrogenase
activfty with S0,2° electronAacqeptori a very vigorous cathodic depolar-
ization occurred. This depolarization correlated better with the A.a
.hydrogenase activityvobtained with bénzy] viologen as fhe éTectrbn{
acceptor than.with su]phéle. It appears then that to cause cathodic
depo1arizatjon hydrogenase activi%y doesAnot have to be coupled to
sulphate reduction. - with_thermophf1ic strains of Desulfétomaculum’
nigrificans that were hydfdgenasefnegative to sulphate, Tiller and
Booth»(1962) reported two contrasting results: the one which showed
hydrogenase activity with beﬁiy] viologen as the electron acceptor

depolarized the cathode, while the other strain that was‘negative.to
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the dye did not.

In as much as the results of the polarization studies of Booth and
Tiller (1962) and T111er and Booth (1962) in batch cu]tures conf1rmed
that cathodic depo]arlzat1on is an important mechan1sm for corrosion of
metals by su]phate reducers, the corros1on rates obta1ned were Tow
compared to those known to occur in buried metals. This drfference'
could be due to 1nteract1ons amongst the different_organismS'jn,the soil
to increase corrosion or'to substrate limitation to bacteriaT‘activity
in batch cultures The 1atter reason was considered more 11ke1y ItA
was thought that w1th cont]nuous and semi cont1nuous cultures the |
bacteria would be- kept in more active statggfor long, periods In sem1-
continuous systems, Booth et dl (1964) reported that no corre]at1on ”
between hydrogenase activity and the corrosion rate was observed,
a]though hydrogenase- pos1t1ve strains ;ere more corrosive than the
hydrogenase- negat1ve organ1sms\ Also, a]though there was an 1n1t1a1
protective ferrous su?ph1de film- formed 'on the coupons, this soon
ruptured after about twenty weeks, resu1t1ng 1n a very high corrosion
rate up to six times the 1n1t1a1 _one. The time interval before f11m\\§
detachment varied with the stra1n of organism used.

During anaerobic corros1on, not only the b1ochem1ca1 and phys1o1-

ogical characteristics of the organism 1nvo]ved but a1so the chem1ca1

_composition of the cu]ture medlum, affect the corrosion rate Using

continuous cu]ture techniques, ‘Mara (1970, Ph D. Thes1s, as reported by

Miller) observed that the breakdown of the protective su1ph1de f1]m

- was dependent on the growth. rate of the organism and the structure of

the film. In ]ow iron concentrations, the corrosion rate was dependent

on the orowth rate but not so in iron-rich medium. Earlier, Egoth,
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Coooer and}waker1ey‘(1966) reported that the corrosion.rates observed
in continuous and semi-continuous cuTtures were similar whenthe-medjum
contained large amounts of iron. The Tow corrosion rate previous1y“
observed with batch cultures was thought to be the accumulation of free
hydrOQen.su1phide whiCh reaeted thh'the metal surface to form a hard
adherent‘ftlm..’ln media sufficiently rich in iron, the\su1phide is-
precipitated as ferrous sulphide andfsuppress the formation‘of the
protective sulphide fiTm on the soecimen During studies with five
strains of D. vulgaris and one of D. sulfurtcans, Booth, Cooper and
4vCooper (1967) found that large amounts of iron in solution indeed
prevented the'formation of protective su1hhide film on milg steel
‘COUpons Very high corrosion rate of up to 221 mg dm 2 day 1 nas |
obta1ned and the 1oose nen- adherent cover1ng of the coupon was found by
X-ray analysis to be a m1xture of FeS and FeCO3 A similar obserratlon
~ was made by K1ng et al. (1976). These workers found that the rate of
breakdown of protect1ve film was proportional to iron concentration of
the medium. F11m breakdown was assoc1ated with transformation from
- markinawite (protectjve)lto smyth1te and pyrrhotite. Ferrous sulphide,
either formed by thevactivity'of sulphate-reducers or as a pure
chemical proddct has been shown to‘effect cathodic depo]arization;' Onee
FeS has been formed in eulture, depo}arization actiVity can continue
after changing to Tow-iron medium (Booth, Robb and Wakerley, 1967) or

even in the absence of bacteria (Booth, Elford and Wakerley, 1968).M

Stimulation of anodic disso]ution

. Mechanlsms other than cathod1c depo]ar1zatxon have been advanced /'

by other workers to explain anaeroblc corr051on by sulphate reducers
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" Wanklyn and Spruit (1952) from their studies of potential changes in
iron in bacterial culture reported that a high ratio of ifon corroded'
to ferrous sulphide pfoduct was obtaihed. They conﬁ]uded that micfo—
bi?1 corrosion By su]phatefreducérs was, due to stimulation of anOdic'l
dissolution of iron by sulphide produced. Hoar and Farrer (1961)
reported an iﬁcrease in corrosion current when cu]fﬁre‘media and soil
extracts-contajned some dissolved sufbhide, The«changeé observed in
~ the potential of submerged mild steel specimens (Wormwell and Farrer,
1952) would also Support thé'theory of anodic stimulation. More
recently, Sasaki et al. (1977) investigated the behaviour of mild steel
in cultures of éufphate—reducing b;cteria. The Qariations‘in electrode
“potential obseerd and the polarization charactérigfics of the steeT
‘speCimen could only be explained by variations.ih H,S concentration..
| There was no evidéncé that hydrogén depolarization by the bacteria
occurred. Thesé authors concluded that it seemed more reasonable that
the corrosion process was cata]yzed'by H,S, not the bacteria peb'se.
The results of the work of Booth and Tiller (1960) fhough suppdrtiﬁg:
the’g?tﬁbdic depo]arizatioﬁ théory,vshowed that thére was actually an

initial stimulation of the anodic reaction fo]]oWéd_by an inhip%tiong

Anaerobic Carrosion by Other Microofganisms

. i

Most ‘afore-mentioned evidence‘imp1icatés hydrogenase acﬁiVity in
the ability of microorganf%mé-to depg]arjze the cathode. - Understand—
~ably, many workers have inve?tfgatéé‘the ability of other hydrogenase-
po;itive organisms to effgct céthodié.depOIariZAtion. ~From purely ///’;\
theoretical considerations, von Wolzogen Kuhr (1937, as reported'E§

- Hadley, 1948) suggested the possibility of involvement of nitrate-
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‘reducing and methane bacteria in anaerobic corrosion. The overa]]
equations for n1trate reduction and methane product1on given as

HNO3 '+ gHt - /NH3 + 3H,0
and
0, + BH' > CH, + 2H,0
are. envisioned as contributory to the cathod1c depo]ar1zat1on process
A]so the common distribution of methane bacteria in water]ogged soils
- and their existence in association with su]phate-reducing bacteria in
known extreme]y corros1ve env1ronments, further strengthens the~probable
contr1but1on of methane bacteria to anaerobic corrosion process. Mara :
and Williams (1971) showed that_nitrate-reducing bacteria were able to
corrode mild steel if the organisms'were‘hydrOQenase—positive. The
corrosion so observed was equiva]ent to the amount of NO;™ reduced
during the.oxidation ot cathodic hydrogen. These same-workers (19771,
1972) in a separate set of experiments reported active. depo]arizaﬁion
of the cathode by hydrogenase pos1t1ve photosynthet1c and non-photo-
synthetlc bacteria and m1croa]gae However, Booth, E1ford and Wakerley
(1968) reported very poor cathodic depolarization by hydrogen and |
methane bacteria. | |
.Ashton et al. (1973a) observed pitting corrOSion of iron/carbon

alloy beh1nd adherent c1umps of Eschertchta colt cells in semi contlnu—
ous cu]tures of the organlsm after five weeks of exposure.. However, no
correlation between corrosion and n1trate reduced was’ observed and a
'temporary protect1ve film of y- Fe203 was initially formed. In further
- experiments ihvolving batch cultures of 7. coli and two different
"concentrations of nitrate, Ashton et ql. (1973b)reported that the .

prlnc1pa1 cause of corrosion observed w1th E. coli was the format1on of
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organic'acids Organ1c ac1ds produced in the cu1ture medium_include
ffumar1c 1act1c, succ1n1c, a- ketog1utar1c and acetic acids. The involv-
ment of organic ac1dvproduced in meta1 corrosion was substantiated by
a direct‘correlation initially between pH of solution and iron
dissolution when nitrate was supplied at the rate of 1 g/litre. At a
high concentration of nitrate (4 g KNO3/1itre) the 1n1t1a] rate of
iron d1sso]ut1on was the same as in 1ow nitrate concentration. ' However,
after a mere six hours, iron dlsso]utlon’ceased and the soluble iron in
solution disappeared. The onset of immunity was thought to be due to
\ thevformation of protective film of y- Fe203 These authors also
reported that a1though corrosion had ceased in nitrate- r1ch medium,
'nltrate was still present in the solution. They conc]uded that organ1c
acid attack and not. depolarlzat1on due to cathode reduction of NO;~ by
H,, as suggested by Mara/and Williams (1971), was the cause of corrosion.

Thus, it appears that anaerobic corrosion is effected by the
’vab111ty of the organisms involved to utilize hydrogen and so depo]ar1ze
"the cathode,by the prevent1on of the formation Of‘protective film in
'1ron rich environment, depolar1zat1on of the cathodic process by FeS
formed and also by -the stimulation of anod1c dissolution of the meta]
by the su1ph1de produced.” Strains of Chromobactertum, Pseudomonas and
Bacillus isolated from soil had been shown to cause corrosion of iron

“in the presence of nitrate (Cook, 1961).

ZCorrosivity of Sulphides

Gosta Wranglén (1972) has attributed the corrosivity of sulphide
- to its high-molar polarization. Anions of high molar polarization have

a tendency to adsorb on metal surfaces, promote electron exchange

¥
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reactions and, consequent1y? catalyze corrosion reactions such as
pitting and stress corrosion cracking, In solutions of sulphides,
however, steel and other metals‘nornally‘corrode.quite uniformly with
the formation of the metal sulphide (Duoracek, 1976)! | | |

More localized attacks:may occur with sulphide. Dvoracek (1976)
reported the occurrence of pit witn black iron sulphide corrosion
product in sour oi]fie]d briné7 Moreover under stress, steel and 1ow
allow ste31 crack in. su]ph1de solutions (Watkins et al., 1976; Fraser "
and Treseder, 1952; Hoke, 1968; Snape, 1967). Su]ph1det1on increases
the susceptibility of high strength-a11oy to corrosion craoking; How-
ever, at concentrations 1ess than;75 PPm no stress corrOsion was observ-
ed with quenched and tempered API Grade P-110 steel {Dvoracek, 1970). °
Stress corrosion crack1ng is very common in petro]eum industry which
very often handles sour petro]eum-products '

Invest1gat1ng the tendency of eleven an1¥qm to destroy iron
pass1v1ty, Rostronl(1979) noted that sulphide was one of the most‘effeet-;
ive. A]so, the acce]eratjon'of corrosion of c0pper base alloys by
%su1ph1de was caused by the substitution of sulphide for the more
protectlve hydrox1de corrosion products that form in aerated sea water
_ (LaQue, 975). Bouet and Breriet (1963), using Pouba1x diagram, found
that th!ireg1on of passivity of ferrous metals in the presence of
sulphide extend over a larger range “of pH and potentia1 compared to
passivation b}foxygen."Subsequent]y, Horvath and Novak (1964)‘reported
that passivating sulphide films did not form as effective a barrier to
' corrosion'eSIORide films. The depression of immunity potential of
steel in the presence of sulphides will make cathodic protECtion,of‘

such specimen more difficult since the applied cathodic potential will
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" have to be lTow enough to confer immunity (ihid). _

| Mara and Williams (T972) 1nvest1gated the corros1v1ty of iron
sulphide on pure_iron. A1l sulphide mater1a1s caused both anodic. and
cathodic polarization. However, b1ogen1c su1ph1de m1nera]s were less’ o
effective depo1ariZers This observatlon was thought to be due to
1mpur1t1es, like dead bacter1a present A quant1tat1ve re]at1onsh1p
between ferrous su]ph1de concentration and am0unt of iron corroded was -
reported by K1ng and Waker1ey (1973) Approx1mate]y 10 mg of. iron was
corroded by 88 mg of FeS added at pH 7 and a h1gh corrosion rate was.

ma1nta1ned throughout the exper1menta1 period when FeS was added semi-

cont]nuge:; s 1he corrosiveness of FeS wasfthought to be,due to a

I

l depolarization of cathode by the abSOrption of polariz-.

1

Afhe crystal 1att1ce and a possible ga]van1c Fe/FeS coup]e,
‘Qms formed on iron are cathod1c to the meta] The secondary
. effeci ;th1e is to promote p1tt1ng at, d1scont1nu1t1es of the su]phtde |
vff]msé' t!ue 1975) MOreover -K1ng, Miller and Sm1th (1973) reported |
‘thé va: it1on in the corrosiveness of chemically prepared su]ph1des -
4 sulphur content Severa] workers (Meyer et al., 1958 Shannon

s 1959; Battle, 1953; E1k1ns, 1953) have reported high corros-

ion rates Tic “errous metals handling water that conta1ned sulphide ions.
The structure and composition of various sulphides and their'corrosfr3
ivity on ferrous metals have been extensiVe]y.reviewed y Smith and
Miller (1975). ° | -

Su]phides are not always known to be'cdrrOsfve to metals. M11d

\\\\teel expos d to su]ph1de so1ut1on often acqu1res a protective FeS
f1im§¥ H_p 'r, ‘the integrity of the film often'deter1orates and '27,/;‘

'accelera { ‘!rosion results (Booth and Tiller, 1960; Booth, Shinn and
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waker1ey, 1968).. In a system containing oil, brine and su]ph1de,
Shannon andeogg,(1959) observed the format1on of hard, adherent su1ph- h
ide sca1e at sulphide concentrations above 5]5 ppmr fAtvlower
concentratfons of su]phide, no protection'was conferred to this speci—»
men. Sardisco; Wright andtéreco (1963),studyfngfan,HZS;COZ-HZO—Fe
system, reported the formatiOn}of=a protective scale (composed of
_pyrrhotite and pyrite) at su1ph1de concentrat1ons of 15 to 1700 ppm.
However at hlgher su1ph1de concentrat1ons (1700 to 66, 000 ppm) on]y_the
’ non-protect1ve mackinawite f11m was formedr Matsuda et al. (1972)
investigated the effect of ffve organic sulphide compounds and reported
- that all except th1o urea showed a strong 1nh1b1t1ng effect on the
corros1on of iron 1n hydroch10r1c and su1phur1c ac1ds ‘He . suggested
that the sulphur atoms in the mo]ecu]es formed the anchoring s1tes ;
owing to their h1gh e]ectron negat1v1ty, wh11e the 1arge molecular
‘volumes of the compounds\1nvest1gated enhanced the1r strong ihhibitory |
effect A similar'observation and eonclusion have been madé*by Markov
et al. (P978) In the1r work these workers observed that the number
of su]phur atoms in the organrc compounds was re?ated to their 1nh1h1t—
' ory act1v1ty in su]phurnq acid. N1th a]ky] su]ph1des,~1nh1b1t1on by
sulphur atom was enhanced by the presence of” aromatlc r1ngs The
'f'daromat1c r1ngs were cons1dered to help 1ncré§se the ab1]1ty of the
f mo1ecu1es to form protective’ 1ayers on the meta] surface because of
add1t1ona1 T e?ectron 1nteract1on ~In genera], it appears ‘that ~
, organ1c su]ph1des have less tendency to corrode meta]s than the |
1norgan1c su]ph1des | " '

'..The‘effect of pH on the_protectiveness of>su1phide films has been . -

reported by many workers (Meyer et az,;’1958;rtwing, 1955;_Sardisco and
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Pitts, 1965) There was a preferentla] format1on of mack1naw1te f11m o
twhen the 1n1t1a1 pH was between 6.5 and 8. 8 and the more protect1ve
film of pyrrhotite and pyr1te formed outside th1s pH range (Sardlsco and
Pitts,\1?65)., The'nenjprotectiVeneés of mackinawite scale was -explained
| by}Meyer eé al. (1958) as being caused by the Harge ngnbers of
“defeéts'in the tryste111ne structnre,‘and7the-resu1tant increased -
e]ectronte conductivity which allowed diffusion at the crysta11ine .

boundaries.

Microbial Corrosion Under Aerobic Conditions

Although mich of the cdrrosionvby microbes studied is due to thee
x'act1v1t1es of organ1sms “under anaeroblc conditions, m1croorgan1sms are
known to cause corr051on under aerob1c conditions. }Under this
eqnd1tJon,‘corro§1qn'by the agency_of m1crpbes 1nvo1ves a ti:e variety -

etpbrganjsms»and'environmentq1 conditions. - These environments includ- -
in@'marine,vestdarine, freshwater and shi] have the eommon characterist-‘
icﬁéf being oiygenated,vthOUQh’te different degrees Organ1sms involv-
ed tne]ude bacter1a, fungi, Zﬂgae and even macroorgan1sms 1ike. barnac]esk

In ﬂost cases the corr051ve ffect of these organ1sms 1s not due to

=spec1f1c b1ochem1ca1 act1v1tﬁes but to the 1nd1rect .effect of their
-phys cal presence. However/ in a few cases 11ke the sulphur bacter1a
.and some fumgi, corros1on %f metal arises from the d1rect effect of

the r ac1d1c metabolic préducts o

“Romanoff (1945) showed that certa1n so1]s on be1ng aerated change

,tpH from near neutra11ty to ac1d1c ‘wh11e Ku]man (1953) reported an
i crease in the popu]at1on of su1ph1de ox1d1z1ng pacterla These chémoé'

- 1 thotrophlc organ1sms assimilate C02 at the expense of energy generated‘

T



21.
by.the oxidation of reduced sulphur compounds ultimately to sulphate.
The ac1d1ty produced by the oxidation of reduced sulphur compounds is
responsible for the corrosion of metals in mine env1ronments: Thio~
bacillus théooxidbns; not on]y to]erates acfdity, but produces as rmuch
acidity to reduce the PH to. 1. T thzooxzdbns does not grow at pH 6.5
and hardly grew at 6.0 (Horvath, 1962). Cons1der1ng this phys1o1og1ca1
character1st1c, it appears this organlsm may not be act1ve in most so1ls.
However, Parker and Prisk (]953) and Starkey (1959) have descr1bed
‘several spec1es of ThzobaczZZus wh1ch will reduce soil pH to 6.0 from
which 7. thzooxzd@ns can beg}n to be act1vef These organisms, wh1ch
themselves do not produce much acid to attack the metals, reduce the

“pH of the environment 1ow enough to support the growth of T. thio-

owidans. This fact must be considered’ :ery essent1a1 in aerobic
corrosion 1nvolv1ng sulphur oxidation. rk1ng with aerated cu]tures
of Thiobacillus, Horvath (1962) observed mich higher weight Ioss~in the

The Thwbactllus Sp.

\\\\\

presence than in the absence of fhe organism .
:ox1d1zed sulphide prev1ous]y generated anaero'1ca11y There was a
~ decrease in pH of ;o]ut1on and‘the redox poteﬁt‘al of the metal became
more negative. The increased corrosion rate corresponded with_the
rapid fall in pH and the potential of the meta]l he decrease in R
potential of metal was explained by Horvath as being!cahsea by
solubilization of the protective sufphide_fi]h formed previous]y under
_anaerobic conditions, while the increased acidity furnished protons for

|

cathodic reduction and increase in the corrosion current. Sulphuric

acid production in soil by the members of the generaUThiobaciZZus and

- Férrobacellus may be as. h1gh as 10-12%. Ferrobacellus sp. has been

Spec1f1ca11y assoc1ated W1th ac1d product1on in pyr1tic depos1ts :
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.l(HUQhes, 1963) and has also been implicated in the corrosion of water
mainsy(Fhederick and Starkey; 1948), mining equipment and associated
pollution problems (Hughes, 1963; Purkiss, 1970; Neét1ahe and Cooh,
'1978). These authors have discussed exhaustively the role of combined
‘action of sulphur bacterie in metallic corrosion. The ebility of
T, denitrificanedto couple sulphur oxidation to NO; reduction
anaeroh;gé]]y has further extended the 'scope of corrosion by acid
" production. The problem of corrosion due to the combined action of
sulphate-reducing-and su]phur bacter{a has a]so'been observed in gas
,holders. Purkiss (1970) reported that sulphate- reduc1ng bacter1a have
se]doﬁ"been found* more than(ﬁeven feet from the bottom of gas holder
tanks, while there is evidence,that oxidation of sulphur compounds
occur at the top layer. In the case.of buried metals in aheas subject ~5e:
to fluctuat1ng aerated and ahaerob1c conditions, the author suggested
the ex1stence of "a sequence of phases of broadly cyc11c nature tak1ng
place". Thws sequence of phases is such that only a port]on of the
sulphur cycle (oxidative/reductive) would be dominant, passing into a
different phase when phys1ca1 conditions are favourab]e ‘In addition to
the d1rect dissolution of metals by acid produced by su]phur and iron
bacteria, tuberculation formed by the depos1t1on of Fe(III) by Ferrq-
ibaéil?us will cause differential aeratioh and‘a hésu]tant pitting |
corrosion. ’ |
| Tubercu]ation duhing aerobic mfcrobio]Ogica1 corrosion of water
~ pipe was reported by Olsen and Szybalski (1950), Butlin Adam and Thomas
(1949) Active corrosion of metal beneath the tubercule eventually 1ed

to perforation. The combination of Jow pH within the tubercule and the

existence of differential aeration cell was responsiﬁ)eifor the rapid
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metal dissolution. Microscopic examination of the tubercules by Olsen
and Szybalski revealed amorphous ferric hydroxide, while cultures from
the tubercule gave rise to the growth of Leptoihrix Sp., an iron- |
0xidizihg bacterium. Gallionella and Sphaerotilus spp. have also been
known to cause tubercule formation (Anon, TPC publication No. 3). Other
.indirect effects of'ﬁicroorganishs in aerobic corrosion ar{se by the
. formation of colony mass on the metallic structure. A]gaé; fungi and
slime-forming bacteria form large masses o%'growth within Which oxygen-
deficient or even oxygen-free conditionsvmighf exist. This cbndition
sets up oxygeh concentration cells (Anon, TPC publication No. 3, 1976)
whereby well aerated porézons are cafhodic to the area beneath micro-
bial growth. Bacterial and algal masses have been imp]jcateg in the
corrosioh of heat exchangers, cooling toweré and associéted pipe work.
Moreover, 1arge‘microbia1 masseévon the surface of heat exchanges would
reduce heat fransfer and create éyfherma] gradient which may lead to
stress cracking. | |

In one of thé~studies to determiné specifically the‘effect of
aerobic.mfcroorganigms, Smith, Compton and Coley (1973) investigated
the polarization behavjour‘of cérbon steel in sea watér in thé presence
and absencé of aerbbic organisms. No'significant‘differences were
observed fn the corrosfon rates iﬁ the presence or absence of the
orgénism. Rogers (19495 reported the acceleration of corrosion of
copper and copper a11oys;py bacteria. The existence of a reversible
redox reactioﬁ involving the su]phur‘atom of cysteine was said to be
responsible for the severe corrosion of copper a1loys‘in the marine
environment. ‘Ai]or (1974) exposed, in half-tide and full-tide

immersions, seven high purity aluminum and aluminum alloys in sea water. .
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The heavy fou]inp pf aluminum panels resulted ip'severe etching of the
specipene. However, it was noted that fouling had 1itt1e effect on
the depth of pits. Zaikina,andpDuganoVa (1975) iéo]ated several fungal
species from metal]ievobjects damaged by biological corrosion. -The
'1solated inc1gde diffefent species of Trighoderﬁa, Aspergillus and
Pehicilluﬁ, being the most common. A common attribute of these isolates
was the ability to produce organic acids whosepcorrosivity is well-
known (Aiba-Yaron and Semel, 1976). The corrosion of zinc in the
presence of aerobic bacteria was recently studied by GillauMe et al.
‘ (1977a, 1977b). Pit;ing.corrosion of zinc occurred in fresh and sea
water but disappeared in the presence of oxygen-uti]izing bacterfa.
However, subsequent death of the bacteria was accompanied by an increase
in corrosion rate. This increaee in corrosion was much more if the
bacteria also pr&duced complexing agents. From experipents in which
either 0, or N, was bubbled into.cu1tures of the bactefia the authors
conc]uded that bacteria which decreased corposion under aerobic
conditions had opposite effect under anaerobic conditions. |

From this review,'it is apparent that the literature is abound1ng

with the activity of anaerobic bacteria espec1a1]y su1phate-reducers in
metal corrosion process With the except1on of Thtobaczllus spp not
much 1nformat1on is available on the ro]e of aerob1c bacter1a in the
corrosion of metal. Even much less is known of the possible 1nteract1on

of aerobes with anaerobes dur1ng the corrosion process.



MATERIALS AND METHODS
. 8

Sources of Organisms

A1l the organisms used in the work reported herein were isolated
from crude o011 samples fromlthe Pembina oilfield of North Centra1 3
‘Alberta, ok from a corroded segment of pipeline from the South
Saskatchewan Pipeline Company. Crude 0il samples from thé Pembina‘oil- -
field were théined directly from thé pipeline system serving this

field, at the Edmonton_Termina] of the Interprovincial Pipeline Company.

Crude 0i1 Samples

The pump system’which hénd1éd the Pembina crude oil did not’
function at a11.times.“,As a }ESult, it'was considered that the initial
few hundred hi]i]itres of 0il that.tame out of the sample port were
'stale' and notqreprésentative of the‘oi1 in the Tine. Consequently,

. before each samp11ng, about the first 500 ml of crude oil was d1scarded.
A11 0il samp]es from which isolations were made were obta1ned only
after the initial b]eeding Before each samp11ng, the pump nozzle was
wiped c]ean with a clean dish cloth (or tissue paper) Subsequent]y,
70%. a]coho] was " -poured 1iberally to soak the dish cloth wrapped aroun
the out]et for about two m1nutes to ach1eve d1s1nfect10n Samp1’5zwe e

collected in sterile 250 ml plastic samp]e bottles.

Microbiological

Maintenance of Culture —

All isb]ates, with the exception of sulphate-reducing bacteria
’ 25 - |

|
|
b



nere maintained on p]ate count agar (PCA) slants. Transfers were made
regu1ar]y to fresh medium'every four months. Usua]]y, after.an initia1~'
‘growth pertod of twenty-four hours at 25°C fo110w1ng each transfer the
cultures were stored at 4°C. .
~ With the sulphate-reducers, maintenance was in 11qu1d But11n S
medium dispensed in 15 m1 a11quots in Hungate type tubes. Each cu]ture*
tube contained three iron f1n1sh1ng na1ls to create,anaerobfc environ-

ment;gnd poise\the'potentia1'as suggested by Pankhurst (1971)..

Cultural Techniques

Isolation of organisms

Non-suthate reducers: The cultura] and 1so]at1on techn1ques
d1ffered sT1ght1y depend1ng on the type of spec1men Iso]at1on.from
" corroded - p1pe spec1mens was preceded by an 1n1t1a1 enrichment. The
corrosion product was carefully picked from the corroded area with a
pa1r of sterile forceps and transferred 1nto mod1f1ed But11n s (referred
td_snbsequently as s1mp1y Butlin's medium) or Brewer S 11qu1d media’
(Appendices 1b & 1d). The use of Brewer's med1um was 1ater discontinu-

f

ed because it tended to blacken 1n the presence of f1n1sh1ng nails, at
-the absence of inoculation. Aftgr a growth per1od of 4 - 7 days, loop-
fulls of culture were streaked on solid agar media (PCA and BIO’
.Appendlx 1a) to obtain isolated colonies. . Where enrichment cultures
were emp1oyed,_on1y single’colonies representing the different co]onig1
types were picked for storage and later work.
w1th crude oil specimens, 2 ml samp]es were used as inocula for

. enr1chment cultures. Incubation was either in the McCoy Anaerobic

Hood -or aerobically. In direct plating of samples, 0.1 ml aliquots were

|-
\
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~spread asceptica11y on PCA or Bjg egar plates. Dup}icate'plates were
~incubated in the anaerobic chamber br aerobica11y'up to‘a‘period of

7 days. A]l colonies on plates were carefu]]y p1cked and re-streaked
on fresh solid medium for pur1f1cat1on Med1um Bio was emp]oyed to
~‘expedite.the identification and isolation of ferric-iron reducers
Organlsms of this type- possess a characteristic concave c010n1a1 morph— ‘.
:dlogy on th1s med1um Moreover, this medium appears to be part1a11y
/selectlve to this group of organnsms On Bio p]ates, more iron-reducing
}/// bacteria were obtained re]at1ve to other bacter1a
(‘ Suthate reduczng bacteria: Iso]at1on of su]phéte-reddeing
bacteria was undertaken from enrichment cu]tures of organ1sms present 1n
‘crude 0il samp]es Enr1chment was by 1nocu1at1on of modified But11n s
| med1um with 2 ml of fresh crude o0i1 samp1es Each culture tube conta1ned
13 ml of the medium and three iron finishing nails. The additions of
2 ml of 0il samp]e almost completely filled the 15 ml screw- cap tube.
Incubation was in a McCoy Chamber, at a gemperature of 38 C. No'furtherd
' deaeration of the tubes was undertaken. Any residual 0, would be
removed by the p01s1ng nail and by the react1on with H, over pa]]ad1um
cata]yst conta1ned in the hood.
o Fo]]owing'the blacking of the culture 3§21 days 1ater; one or ‘two

drops of culture were transferred to fresh molten Butlin’s agar medium,

/-
/
I

cooled to about 40°C, contained in capped 15 m] tubes. The inocu]ate;//

“molten medium was gently swirled to ensure mixing. Further incubatio

N

- for about 3 days yielded discrete b]dck colonies. The culture tubes
were then broken and each pin-point co]ony was carefuiTy transferred
to fresh Tiquid medium. Alternating transfers between Tiquid and so]1d

L
media were done three t1mes to pur1fy and ensure the 1so]at1on of
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discrete colonies. The pﬁrity of the culture was checked as suggested

by Postgate (1979) and by light microscopy-.

¥

Purification of Su]phide-prbducing‘Bactefia |

Attempts at 1$olation of su]phide-generating orgap%émé from crude
_ %21 or éorrosion‘specimens involved the use-of'énrichment cultures. Thg:
enrichment technique was not se]ectivénand many organisms surviyed'and
grew,' In this purifiéation prOcédure, use was'made of the toxjcitykof

-~ mercuric ion, Hg?+. About 2 or 3 dfdps of 1% solution bf HgC1, was
added to active]y—growing cu]tures of ﬁixed sdiphide and non—su1phide.
‘producers The culture med1um conta1ned potent1a1 su]ph;he sources
11ke thiosulphate, su1ph1te or. su]phate, in the case of su1phate
redqcers. The addition of H92 was at the onset of the $2~ -generating'

. Stage , about 12-72 hour§, depending on the growth rate of.the'organ—
isms. Incubation was continued for at Teast another 24 hours before
transfers Were made to fresh liquid médiuﬁ (But]in{s) that lacked any
added‘H92+. A]together, three successive tranéfefs were made to‘di]uteh
out aﬁy residual HgZ# befbre plating on solid PCA plate for isolated

co]oniés.’.Incubation was‘at.30°c.

Enumergtion5of Total Number of Bacteria.and Ferric

‘Iron-Reducing;Bacteria

D]fferent1a1 counts for ferr1c 1ron reduc1ng bacter1a and the
tota1 number of bacter1a in crude 011 .samples were carried out by the
- Most Probab]e Number (MPN) technique Several di]utions of oil samples
for‘total bacterial counts were made in milk dilution bottles containing

0.1 M phosphate buffer, pH 7.2 and a few glass beads to aid the

/
/

/
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djspersion of 0il in the‘aqueous phaSe,- Ten mi]ijitre aiiquots of each
di]ution were added into § nlvof double-strength B (Appendix Ta) and
Butlin's media (Appendik 155 contained in 18 r 150 mm tubes, while the
sing]e strength media were inoculated with 1.00r0.1 ml aliquots. Each
.:‘tube of Butlin's medium contained tno finishing nails'to”helpvpoise ‘ ;
fne'potential and create anaerobic conditfons-for the growth of sulphace-
reducers. Estimate of the total ‘viable bacter1a present in the crude
o1l samp]es was obta1ned by scor1ng all tubes contalnlng Butlin's
med1um where growth (turbidity) occurred after a maximum of 5 days
incubation. | | |

Differential counts for ferric-iron- reduc1ng bacteria were under- /
taken by tak1ng advantage of the change 1n the co]our of Byo medium from/
.brown to green w1th Fe(ITI) reduction. " All 1nocu1ated tubes of By )
which had turned green after 5 days 1ncubat1on were. cons1dered pos1t}7/
'presumpt1ve for the presence of iron- reducers Conf1rmat1on of the
growth of ferric iron-reducers 1nvo1ved the format1on of br1ght orange;
wred colorat1on with the add1t1on of 2 drops of 2% so?ut1on of 1, 10—

orthodhenanthrol1ne into the tubes which showed pos1t1ve presumpt1ve

test.

K

.Prgparationvof RestingﬁCel]s,

Al cu]tures employed in the 1nvest1gat10ns reported in this
thes1s were either grown in mod1f1ed Butlin's medium, C. 4Fy or synthetic
medium conta1n1ng lactate as the carbon/energy source. Medium C4F,
(Append{x‘lc) is a modification of that employed by Torriani and'Rothe
man (1961), fne organisms were grown aerobfcally on a New Brunswfck

shaker (Mode]’G-Z; 295 rpm and 1% inches -eccentricity) at 30°C for



30.

12-14 hours. The cells were recovefed by centrifugation and washed

-~ ‘ | |
three tjmés in cold 0.1 M phosphate buffer, pH 7.2. Final cell suspen-
. sion in the cold phosphate was at- a concentration of 1 g wet weight per

P . ; . : . )
80 ml of buffer. Cell suspensions were stored in capped tubes at 4°C.

Reductiom\of Fe(III) by Resting Cells

“

Experiments on bacterial reduction of Fe(IIl) were conducted with
Aresting cells, the oniy exception beiﬁg the 1n1£ia1 screening process
;for‘th; abi]ity.of the isolates to reduce Fe(III) in By, medium. Medidm
Blo-sﬁpportS‘an active growth of iron-reducing‘bacteria]lis§1ated. The
subsequent use of resting cells for Fe(IIl) reduction was to avoid the
comp]icationS ariéing from thévsimultaneou§lgrqyth'éndvFe(III) reduction
. in the}reacfion mixture. | | | )

One-mililitre portions of the.various1y treated }85fiﬁg cells were
used to inocd1até Hungate-type tubés.contéining'Z ml of 2% ferric phos-
phate (pH 7.2) (Ciiy ChemicaT'Corp.,‘NeQ York) and sodfum'1a¢tate (30
umoies/ml). The pH of %erric.phoSphate solution was adjusted tb.7;2
with 10 M NqOH. The reaction mixture was made up to 10 hl wifh sterile,
ifdn-free, distilled water. Incubation wag at 30°thor designated |

periods. All reactions were called out in triplicate unless otherwise

stated. ‘ o :

. Reduction of Sulphur and Sulphur Compounds

In experiments to determine thé ability of isolates-to produce
sulphide, only synthetic medium (Appendix le) was employed. The medium
Tacked all forms of su]phur.except the compound being tested.

-~

In all eXperiments,except‘the'reduction of elemental sulphur, one
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iron finishing nail was introduced into the medium to act as a'poising'

/
/

agent and indicator of $2° production by the formation of black FeS. ,
. . | )
No finishing nails were employed in reduction of elemental sulphur // .

~ since it was observed thatﬂb1aeking~(FeS format1on) would occur eVeh in
the absence of the organism. However, when the iron supplied wef 1n the
form of so]ub]e iron (FeCl,), no such react1on occurred in the/absence
of 52~ -generat1ng bacteria. ,.‘ g L N "yi

The su]phur‘compounds were prepered'seearate1y as steriie 10%
‘so1ut1ons and 0.1 m] a11quots were added into the culture twbes
E]ementa] sulphur was ster111zed by boiling for 1 hour each/day for 3
successive Géys. After the final boiling, the supernatant [fluid was
decanted and the sﬁ]phur'sediment weshed tche with steril distilled
" water before it was,fina]fy resuspended in steriTe wager. Elemental
.su]phur,was‘supp1ied-tb tﬁeAeu1tures in'1 - 4 ml of the s[spensipn.'
No suceess%ul attempt was made fo stahdardizevthe aetua1 amount of

. o . ' o
‘However, appreciable amounts of "sulphur was introduced to each culture.

sulphur being supplied since the preparation was nothjéogeneous.
Sulphide generation was considered to haveoccurikd.if‘the medium \

tirned black or if the yellow deposit of sulphur blackened.

&

Fe-starvation of Cells

To investigate the influence of exposure of t e'orgahism to iron

in the_growth medium on its ability tqueduce Fe(TII), cells were grown

separately in rich media. (Butlin's CuFl) norma]]y'containing,iron, and.

The cells grown in

e rbgams

in synthet1c med1ium w1th or without- added iron.
' _1ron -free synthetic med1um w111 be referred to 'iron-free cel]s

Iron free cells were grown by passage of he organism tw1ce
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~.
.

e medium. A1l glassware emptbiéd\in the hand1ing ]

ofif F were scrupu]ous]y acid- c]eaned and r1nsed in 1ron-

33111ed water to prevent contam1nat1on with iron.

"j?ductign%pf Nitrate Reductase in Resting Cells

ure was grown aerobically in C4F, medium in the absence of

added nif te (Z.e. under nitrate reductase repressive conditions) and

inoculum {ilepared as described previously.

#prepared'inoculum was divided into two portions. One

portiqn wasn?eftvaerobic whi]e‘the other portion was incubated anaero-

a

bically for 90 min.in a tube in the presence of potass1um nitrate (10

umo]es/m]) ierob1c env1ronment was ach1eved by evacuat1ng the tube

3 times at ;_, u51 gauge pressure in a McCoy vacuum chamber, and f]ush—'
ing with a gaseous mixture conta1n1ng 57 H2, 5% €0, and 90% N2. ’
Res1dua1 oxygen in.the tube wou]d be removed by its reaction with H,
cata]yzed by heated pa]lad1um contained in the hood The ce]] suspens—
1on treated in th1s manner w111 be referred to as *induced ce]]s ‘The
induced cells were then centrlfuged washed 3 times in the co]d phos-

phate buffer and resuspended 1in the 1n1t1a1 cel] concentrat1on (T g

'wet weight per 80 ml).

/
Denitrification

- Tests for den1tr1f1cat1on were conducted in medium of the fo]]ow1ng
compos1t1on (g per litre): yeast extract 3. 0 glycerol 10; KNO 3, 10;
and 1 g Noble agarv(Stanier et al., 1966). Medium was dispensed in 8 ml
aliquots in 15 ml testvtubes Stab 1nocu1at10n of the st111 molten

medium, but cooled to about 40°C was made with f1ne]y drawn Pasteur s
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p1pette wlthdrawa1 of the 1nocu1at1on p1pette was accompan1ed by an

1mmed1ate sea11ng of the ho]e made by stabb1ng so that no. appreC1ab1e o

amount of air would penetrate After coo]1ng br1ef1y in ice- cold water,

the soft agar med1um was’ over1a1n With 5 ml of the same medlum but

conta1n1ng 10 g agar per 11tre The 1ater p]ug of agar med1um acted as'

a gas trap -and helped ma1nta1n anaerobic conditions.

'F\

Den1tr1f1cat1on was cons1dered to have occurred when there was gas )

,product1on as 1nd1cated by the ex1stence of fractur1ng in the soft agar’;,;Q,’

med1um or separat1on of the agar p]ug The initial read1ng was afterg

kY

2 days but observat1on was cont1nued up to 7 days before record1ng 5‘\

negat1vegresu1t.

. Crude 0il utilization

The crude 011-degradation.capabiﬂityHOfvisdlates was tested.in .

rolling tube‘cultures ~ The ro]]ing tube culture technique was adopted

in pneference to shake flasks because of 1ts smaller space requ1rements

and genera] ease of hand11ng
A

Each cu]ture tube (18x150 mm capped tube) conta{ned 5 ml of synthe-

tic medium (Append1x le), 0.2 m Rainbow Lake crude 011 and 0.2 ml- of

- 14-hour cultures of organisms (OD 0 5) grown in But11n s medium.

Culture tubes were inclined at an ang]e of about 20° to facilitate .

~aeration, Incubation was for 60 days at 20° and an aggjstion rate Qf:i

58 revolutions.per minute. Uninoculated tube constitutedvthe,contro]. \\

Rainbow Lake crude o0il was chosen because it contains easily -

' degradable fractionS»and it is steriTe since enrichment culture'and'

fd1rect plating on agar growth medlum (PCA) failed to reveal the presence

e

of contam1nants
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Antibiotic sénsiti?ity test

Three m11111tres of overn1ght pure cultures of isolates were used
'\to flood plates of Penassay Medium 3 solidified w1th 1. 5% Nob1e agar
The flooded plates were drained, dried at 30°C for 30 m1nutes and seeded
with ant1b1ot1c discs (BBL, Becton,'D1ck1nson Co., M1ss1ssauga, Ont.).
uAll plates were 1ncubated at 30° C for 24 hours before be1ng scored for
zone c]ear1ng 0rgan1sms were cons1dered sensitive (+ )»when there was
“a clear zohe of 1nh1b1t1on around the discs and 1nsens1t1ve (-) in the "

' absence “of a clear zone of 1nh1b1t1on

Spore Pl"Oductio'n‘;: . o | .

‘Selected isolates wereAteseed for spoferproduéfibn.‘-étréaks‘of'

}_repreSehtative organisms were made on soi1'expraet agar aﬁa incubatednA
at.rodm temperature for ;even days. Negative‘siainEng with niQroSin~er
I"malachite green counterstained with safranineetefhingvtechnieuee were |

| employed.' Spore formation was not observed after a week's incubation. .

Further incubation was carried out for three week¥.

Ana]yticel‘MethOds I

Physico-Chemical Analyses T

+ ; ! ®

Bottom sediments and water

Bottom sediments and water contents of crude 011 samp]es were
determined accord1ng to. Amer1can Standards for Test1ng Mater1als _
(Designation D]796-685 API standard 2548; IP 75/69). rIndustrmal grade

-toluene containfng Tretqlite F;GS»(O!]% v/v) was the SolVentfdemuleifiEf';fe7
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used. fhe~crude 0il-solvent mixture was heated at 60°C for 10 minutes
in aﬁso1ip metal block bath-and centrifuged‘at 1300 (1285 rpm of 21.25
cm diameter) ﬁo givé a relative centr%fuga] force of 500 g for 10
minutes. The centfifuge chgmber was,maintainea at a temperature of
51.7°C.

ot }

~

Recovery of crude oil from culture

Crude otfl fractions rema1n1ng after the growth of isolates were
extracfed by the add1t1on of 5'ml of n-pentane (spectrophotometr1c |
grade) to the acidified cultures. Ac1d1f1cation (0.5 ml conc. HC1 per
culture tube) lowered the pﬁ and prevented emulsion formation. Pentane-
treated cultufes weré stoppered with rubber bunj previously extracted
with n-pentane, mixed by shaking for 5 minutes and Teft to Séttfé:

" The recdvéry of the extracted oil fractions for gas chromatography

~was by a flotation technique as used by westlake et al. (1978).

" Determination of iron (Fe)

Stag@ard Fe stock solution: Two hundred miligrams of higﬁ purity
(89.9-100%) iron wire (J.T. Baker Chemica]s,rPhillipsburg, NeW'Jérsey)
was dissoTved in 20 ml concentrated HCI‘(pontaiping 0.0001% Fe) in an
acid-washed 1 litre volumetric f]ask The solut1on was made up to the
1 litre mark w1th double distilled, Fe free water to g1ve a final
concentration of 200 ug/ml and stored at 4°C. l\

| Appropriate aliquots or‘dilutions of the stock sofution was
employed tokcopstruct a standard. curve for Fe in the range of 0-120 mg/

100 ml final solhtion. The actual procedure for the determination of

Fe(II) was a modification of the procedure of Krishna Murti et al.
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(1966). The modification was the addition of 1 ml iron-free B,o medium
to compensatg for coiour imparted ko the reaction mixture when assaying
for Fe(II) in B1o medium. However, no B,p was needed for: the construc-
tion of standard curve when work1ng with rest1ng cells.

Ferrous iron in culture: To determine the Fe(II) produced in cult-
ure, 0.1 ml portions from culture tubes, acidified by the addftion of !
0.1 ml concentrated HC1, was pipetted into reaction vessel containing
buffered phenantﬁro]ine reagent. Readings were taken within 3 minutes.of
the addition of the sample, to avoid autoreduction of Fe(III). Stoppage
of bacterial activity by acidification was not-necéssary as‘the quantity
of Fe(II) determined Was the same whether or not the culture was prev-
jously acidified. R
| Nitrite (NO2 ) determination: Nitrite was determined by the pro-
cedure of Montgomery and Dymock (1961),’w1th the exception that N-(1-
naphthyl)-ethylene. diamine hydrochloride was used and all readings'were

“taken in Spectronic 20 (Bausch and Lomb).

lodometric determination of 527, $0,2° and 5,042

Cells were grown in Butlin's medium contained in 15 ml caoped tubes.
Each tube contained 10 ml of medium, 10 mg Na,S,0; and 1 ml of appropriate
bacterial inoculum. Where mixed cultures were employed, 0.5 ml of each
of the component organisms were used. The Na25203 was prepared separate]y
asa f11ter-ster111zed 10% soTution and 0 1 ml of th1s solution was
injected asceptically into the culture tubes. Inoculation was also by
injection., * |
- After appropriate 1ncubat1on per1od 3 ml of 2 M.zinc acetate

was injected into the culture tubes to precipitate the sulphide as ZnS

The tubes were then centrifuged to recover the precipitate and

y
{
N
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supernatant for analyses. The prééipitated sulphide was washed twice
in distilled water before determination.

Reagents: Standard reagents used were prepareq as in Standard

Methods for Examination of Watér'and Waste Watef (1975). Stock
solution (0.1 M) of Na,S,03-5H50 was pfeserved By the.addition of 5 ml
of chloroform and stock at 4°C. Titrands were prepared for immediate
- use by diluting 4 times (250 ml to 1 litre) with cooled boiled ’
’ d}stilled water.
Titration: Determination of the total su]phur, sulphiteiand
sulphide was by'the procedure of Blasius et al. (1968). Excess iodine
remaining after reactidn withvthe sulphur compounds was titrated with
0.025 M Nazézog'in.a 500 ml Erlenmeyer flask. Each flask cohtained_éOO
ml distilled water, 5 ml glacial acetic acid, 5-8 ml of -iodine (0.0]26
M) and the sample to_bé analyzed. Three to five mililitres of |
concéntrated HC1 were sometimes added to facilitate ZnS dissolution.
Three ml of 40% formaldehyde solution was added where necessary to ‘

remove sulphite from the solution. Uninoculated medium constituted the

control. ~

, Chromatographic analyses

Nitréus dxiée: A Varian‘Model 700 gaS chromatograph equipped
with a thermal detector was used to detect nitrous oxide. One-half
mililitre vo]ume; of:gas ?rom culture headspace was injected into an
a]luminum'column (3.66 M x 0.48 cm) paEked witH molecular sieve. 13
(40/60 mesﬁ) and maintained at 200°C. The carrier gas usggugas;heiium
flowing at fhe rate of 86 ml per minute. The presence ofwhitrous

oxide was established by the presence of a peak which ﬁ7s the same

!
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retention time as the pure nitrous oxide standard.
Crﬁde'oiz extract: N -pentane-extracted crude oil components were |
separated on c¢hromosorbW-AW- DMCS column (80/100 mesh) coated with 3%
SE 30 u]traphase and packed in 6 10 M x 0.32 cm sta1n1ess stress steel

tube. Samples, 2.0 ul, were injected 1nto Var1an Mode] 1740 chromato-

graph fitted with flame detectors under the f0110w1ng operational

conditions:
Carrier gas (N,) o 15 ml per minute
e 30 ml per minute
Air 300 ml per minute

Injector temperature: 300°C
Progfammed column temperatdre: '50-300° at 10° per minute
Detector temperature: 300°C

Evidence for crude oil utilization waé obtained By changes in the GLC

profiles for n-alkanes and iéoprenoids of the crude oil samples.

Biochemical Techniques

Preparation of periplasmic enzymes

PerieTasmic eﬁzymes of the orgenisms were prepared by a modific-
ation of the procedures of Nossal and Heppel (1966). Periplasmic B
proteins are Tocated between the cell wall end cytoplasmic membrane
(periplasmic space) of bacteria and are released by osmotic §hock
(Malamy and Horecker, 1964) Fourteen hour cu]tures of isolate #200
grown in Butlin's and C,F, med1a were harvested by centrifugation and
- washed tw1ce 1n 0. 33 M Tris=HC1-0.03 M NaC]’so]Ution pH 7.2. Washed
. ce]]s were suspended to a final concentration of 1 g wet we1ght per

‘80 ml of the buffer and divided into two portions. One portion was
4
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retained and will be subsequent]y referred to as 'whole cells', while
the other portion was subjected to an osmot1c shock procedure |
A 10 ‘ml vo]ume of the ce11 suspension was m1xed with an equal

volume of 40% sucrose 0.66 M Tris- HC1- 2x10 "4 M EDTA solution and
stirred vigorously by shaking on a rotary shaker for 10 min. Mixing
the cell suspension with an'equa] volume of sucrose:buffer-EDTA
solution will halve the conCentration of the buffer_systen to the
desired final concentration of 20% sucrose-0.33 M Tris-HC1-1x107% M
EDTA. The cells were then centr1fuged at 16,300 g for 10 m1nutes and
the sucrose solution decantedf The well- dra1ned ce11 pellet was
d1spersed in 10 ml of 5x107% M MgC12 and stirred for 10 m1nutes .TWO
ml a]1quots of this preparat1on was removed and will be referred to as
'shocked cell plus shock f1u1d' After further centrifugation, the
supernatant f1u1d was carefu]]y removed and w1]1 be referred to as the
'shock or per1p1asm1c f1u1d', while the pel]etted mass resuspended to |
1ts ortginal vo]ume in 0.1 M phosphate buffer and will be known as
"shocked cells'. V1ab111ty of the shocked cells was checked by p]at1ng
a 1oopfu1 _of the shocked ce]]s on PCA and incubating at 30 c.

Eschertchta coli CyF), constitutive for a]ka11ne phosphatase was

also grown in the same manner and subjected to osmotic shock treatment -

at the same time as the‘experimenta1 organism, »The'alkaline‘phosphat-
ase released served as marker to indicate the successful release of

periplasmic protein under the experimental condition. -

S



Spheroplast preparation ” ' E \\\ |
o . \ -

s . ' . i
CuTture of isolate #200 grown in CyFy, and Butlinfs media Was]washed

and dispersed, as described previously, in 20% sucrdsev0:33 M'Trié-HC]*
2x1074 M EDTA solution, and agitafed for 10 minutes. Lysozyme (Sigma,
St. Louis, Mo.) was added to the cel] suspension to a.fina] concentrd-
tion of 250 ug/m] and - 1ncubated at 30°cC. Spheroplasts are bacter1a1
'ce11s whose ce]] wall has been part1a1]y removed Spherop]ast formation
was followed by observing the decrease in opt1ca1 densitypat 600 nm
accompany1ng‘the dilution (1 10) of 0.5 m] samples of lysozyme- treated ce]Ts
in distilled water. Very']ow‘spherop1ast format1on was observed when.
Tower concentration of 1ysozyme was emp]oyed When no further decrease
in 0.D. was observed with dilution, the treated cells were centr1fuged
at 16,300 g for 10 minutes, washedhonce in 20% sucrose-2x107% M MgC1,-
0.33 M TrisfHC1‘solution and resuspended to ifs original volume.
‘Phosphate buffer (0.1 M) was later used in p]ace of Tris-HC1. Phaée
contrast microscopy revea]ed amorphous shapes of the. organ1sms in the -
preparation. No obvious spher1ca1 cells were observed However, many
cells st#11 retained their regular shape but showed a greater tendeney N
td clump together thanluntreated ce]]é This final preparation const1t-

“uted the spherop]ast preparat1on and W111 be subsequently referred to

"~ as such.

Vesicle (membrane) preparation
¥ : :

A known volhme of the hashed spheroplast preparation was centri-
fuged at 7,000 for 20 minutes.flThe;weil-drained pellet was resuspended
in 4x1073 M MgC1,-10x1073 M Tris-HC1 (Lascelles and Burke, 1978).

' Rhosphate buffer, 1x107* M, was Tater used in place of Tris-HC
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. - |
- component. The cell suspension was then agitated for 5 minutes and

incubated'at‘4°C-fdr 2 hours to allow for complete lysis of the sphero-
_plasfs, before centrifuging at 1,000 g for S mihufes to remove debris.
The 1ysate:was further centrifuged at 60,000 g for 60 minutes. The. - .
. The supernatant was carefuT]y removed and will be subsequent1y refehred:

" to ds the ‘cytoplasmic content'. The resuépended pe]]eted material will

~be subsequently referred to as the ‘membrane (vesicle) preparation’.

[ g

*Cell envelope preparation o ‘\ _

Fourteen hour culture of isolate #200 in CLFI medium was washed’
once in 0 1M phosphate buffer pH 7.2 and resuspended in the same
buffer in a f1na1 concentration of 1 g wet we1ght per 3 ml of buffer,
The cells were passed tw1ce through the French press to ensure: maximum
breakage\ The ‘broken cell material was dlfferentlally centr1fuged
accord1ng to the protocol (Fig. 2) to separate;cell enve]ope_from

unbroken cells and cytoplasmic content. A11_washingsfwere with 0.]'M

phosphate buffer.

DNA preparation

DNA was prepared according to the method of Marmur (196i) except
the product (DNA) was initially incubated wifh pronase at 30°C for 30
minutes to hasten deproteinatioh and to desfroy DNAse aetivity, The
amouht of DNA present in the preparation was measured at*260 nm using
.the reTationship that 1 unft of absorbance is equiva%fj%Vé% 50 ug df
DNA per mililitre. S .



Fig. 2. Procedure for preparation of cé]T ehfve]ope.

\\
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Percent quanoSine'and cytosine (G+C)

Purified DNA samples were analyzed by bouyaht density,centrifugattondﬁp
in cesium chlorjde solution containing 130 g of CsCl in 70 ml of“0.02 M
Tris buffer, pH 8.5. Two micrograms of Escherichia coli NCIB 8666 DNA was
added to 2 ug of DNA extracted from isolate #200 contained in 1 mi CsC1

‘so1ution‘ Another CsCl—DNAwsample containing only the E. doli DNA was
prepared segarately (referenCE) and centrifuged'(at 44.,,000 rpm at 25° C)

: simultaneou ly with the mixed DNA sample. Centr1fugat1on was for 24 ’
hours in a Beckpan Model E ultracentrifuge. Nucleic acid band d1stances
were measured from densitometric tracings of deve]oped films. Densito-
‘metric trac1ngs were made in a Beckman Model RB Analytrol Den51tometer
and Integrator. From the measurements the bouyant den51ty of the DNA
frof isolate #200 was determined using standard formula. Percent G+C .

cgntent was calculated from the formula of deley (1970):

%
//Assay for phOSphatase dgctivity in shock fluid

Ind1cat1on of successfu1 release of periplasmic proteins by the =
osmotic shock procedure adopted was demonstrated by the presépce of
la]ka11ne phosphatase act1v1ty in the shock f]u1d Phosphatase activity
was used as-a marker for the re]ease of periplasmic enzymes (proteins)."

~ The assay procedure involved the addition of 0.05 ml of shock fluid
to tobes containing 0.9'p1‘1 M Tris-HC1 buffer (pH 8.0) and 0.05 ml of
2x1072 p-nitrophenylphosphate " The reaotion was stopped.after S‘min
by the addition of 4 ml of 0.1 M phosphate buffer, pH 10.. The intensity

Aﬁwdeve1oped due to the release of p-nitrophenol was read

in a Spectronic 20 spectrophotometer at 405 nm, the instrument being-

zeroed witp”reaction hixture without the shock fluid. A1l assays were
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in triplicate. | o . :

Absorption spectra of who]etce]]s ]

f
!

Absolute visiple light absorpti?n and Cytochrome difference //
‘spectra of washed who1e ce]l su3pensﬂons were determ1ned in Pye Un1cam
record1ng spectrophotometer (Mode] S@B 100) by the procedures of Jones
(1972). For the determination of a so]ute absorpt1on spectra, the cell
suspensions (1 g wet we1ght per 80 ml 0.1 M phosphate buffer) were
4: ~blanked against 0.1 M phosphatevbuffer; Dithionite and potassium
ferricyanide were emptoyed as the reducing'and oxidizing aQents,
respectively, prior to the determtmation of the reduced-minus;OXidized"
o difference spectra Treatment w1th carbonmonox1de was done by bubb11ng

| CO, into screw-cap tubes for 3 m1n and transferr1ng to spectrometer
tube for immediate scanning. The|cell suspens1ons were scanned over a

wavelength range of 300 nm, starting from 700 to 400 nm.

Epifluorescence microstopy

Previous]y'immersed\coupons wer stained‘in acridine orange .
solution (10 mg/100 ml disti]]ed water. for 3‘minutes, The dye solutionm g
~was initially filtered through Milipore membrane‘fi1ter, pore‘diameter‘
2 u, to remove any pariicu]ate matter-li undissolved dye crysta]s"

" The coupon. samp]es were either r1nsed inr nn1ng distilled water (4
11tres/m1n) first to remove non-adherent matérial before sta1ning or.
were stained without r1ns1ng Sta1ned samples\were immersed in three .
chang1ngs of 1sopropano] to remove surface sta1n'ng of the meta], and

then air-dried. Specimens were then viewed under mmersion oi] on
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standard Leiss m1croscope fitted with epifruorescence i1Tumination

system, 1nc1ud1ng a ha]ogen Tamp.

“Electron Microscopy

Electren microscopy studies employed transmitting and scanning .

techniques.

" Transmission electron microscopy:

Fourteen-hour old cultures were négatiye]y'staihed with 2% (w/v)
zirCohfum oxide 'solution containing 0.2% sucrose (w/v) as the wetting

agent, and mounted on formvar-coated copper grids. The examination

of preparafiohs were either in a Phil3ip Model 200 or AE1 Model e]ectron‘

~ microscope.

Cells for u]trastructura] ‘studies were fxxed in 5% glutaraldehyde

in 0. 1 M cacody]ate buffer (pH 7.0), with or without 0. 025% - ruthenlum

'red. Samp]es were then dehxdrated in a reglme of 1ncrea51ng concentra-

tion of acetone made up i/ distilled water For deta11s see Appendix

2. The acetone used was freshly distil]ed The dehydrated cells were

/

'then fixed in osm1c ac1d w1th or W1thout ruthenlum red, washed in
“cacody]ate buffer and’ embedded in a resin mixture (Append1x 2 ) and

‘hardened by 1ncubat1on at 60°C for 8 hours

«

i . » . . [ ! -
“Scanning electron microscopy : o~ ‘////

 immersed coupons were observed for changes in topo-
rbial adherehce in ahCambridge Stereoscan Mode]

g electron microscope. vBecausefof the-possibi]ity

"oss of sﬁk_,“ _features with treatment, the specimens were treated.

t

[
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in different ways before observation in the microscope,-'Three treatment

processes were tried.

,' 1.

E1ther the freshly w1thdrawn coupons were 1mmed1ate1y air-
dr1ed or were gently r1nsed in d1st111ed water to remove

loosely adherent materlals before air- dry1ng

. SubJect the prev1ous]y exposed coupons to a\more gent]e

drying process by sequent1a1 immersion for 5 m1nutes per

step in 30, 50, 70, and 95% ethano] before air- drying. ,.*
. Fixing the spec1men in O 5% g1utara1dehyde and dry1ng at

the cr1t1ca1 po1nt of freon 113 in a cr1t1ca1 po1nt apparatus
In thJs process, the coupons were 1n1t1a11y dried by passage

throogh 30, 50; 70, 95 and 100% ethanol, and immediate]y :

transferring into another set of solutions containing 30,

‘50 70‘-95 and 100%‘freon 113. The ethano] solutions were

made up in d1st111ed water, while the freon solutions were
made up in absolute ethanol. The spec1men had a res1dence
time of 5 minutes at each concentratlon of the dehydrat1ng'
so]ution. -The coupons so-treated were immediatelyvtransferred

to a ‘critical-point apparatus, and filled with freon 113.

The temperature of the apparatus was s]ow]y,raised_(about~

90°C)~unt11 the,freon went into the,gaseous‘phase. pnder
this condition, the freon would not~1iqo5fy'Whatever:the
pressurevimposed A slow release of the pressure 1ed to a
removal of trace water content of the spec1mens, SO that
drying was achieved so]e]y at the gaseous . phase of freon 113

Cr1t1ca1—p01nt drying would prevent the collapse of

.blologlcal structures, thus maintain]ng any_blologlcal
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specimen fntact - |
The dr1ed coupons were then coated W1th approx1mate1y 159 ﬂ go]dt
~ sputtered unto the surface in an Edmond s sputter chamber (Plran1
Jenn1ng, Mode] 4) and mounted on alum1num stubs by means of electr1c-
ally- conductlng s11ver emuls1on The m1croscope-was operated at'20 KU

“accelerating vo]tage. ¥

S
&

- Electrochemical Techniques

Polarography

E]ectroreduct1on of the contents of the cu]ture medium before
.:(control) and after growth of 1solate #200 was carr1ed out 1n 3- electe
rode cell compartment (Pr1nceton App11ed Research P.A.R. ) f1tted with
p]at1num flag aux111ary e1ectrode, reference Saturated Calome1 E]ectrode: ,
(S.C.E.) (F1sher Sc1ent1f1c Co., P1ttsburg, Pa.) and P. A R. Dr0pping
Mercury E1ectrode (DME) ~The DME was set up W1th tripply d1st111ed
mercury and coup]ed to P.A. R. Model 174A Po]arograph1c Ana]yser equ1p—

1 ped with Model 174/70 Drop Timer.

Each run was preceeded by deaeration of’the medium Deaerat1on was
achieved by bubbling 02 free N, (passed through 0.8% Vanadous ch]or1de
so]utlon) through ‘the med1um for 5. m1nutes Reduct1on currents were -
Vrecorded us1ng Houston Instrument 0mn1graph1c Recorder Model 2000.. All
measurements made at room temperature (25° 2°). The genera] operatlng
conditions were as follows: . * e

Modulat1on amp11tude, 25 mv | |
0perat1ng mode, .D. C (d1rect current)

In1t1a1 voltage, + 0 2 V
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>Vo1tage range, - 3.0 V
-Current rangé, 2 mA
Mercury qfop'time,‘z ﬁec.
Stan rate (recorder), 5 mV sec”!
Chart speed, X 25 mv cm”!

0 G

-1
Yaxis 0.5V cm

Polarization’

Polarization cell

The\polar1zat1on ce]] used cons1sted of a sma]]er corrosion pyrex
glass chamber inserted 1nto a 1arger chamber and separated from each
other by aboqt 0.4 cm-thick porous seal‘of pore dimensions 0.32-10 u
(F%g. 3). The corrosion chamber was ‘constructed from 33 m;-diameter
sealing tube (Ace Glass Inc., Vineland, New Jerséy). The corrosion
chamber housed the reference Saturated Calomel E]ectrode‘(SCE, Fisher
Scientific Co., Pittsburg, Pa.) and the working electrode. fhe working
electrode was an A1ST 10-18 mde steel coupon of dimensions 5.0x1.2x0.1
~cm (Caproco Corrosion Prevention Ltq,, Edmonton, Alberta) fine glass-

blasted to a smooth finish. The auxillary electrode (Platinum f]ag

- of 1arge area) was contained outside the corros1on chamber but in the

large surrounding Fhamber (qux111an¥,electrode chamber) containing
about 800 ml of sterile medium',*B; this arrangement, the auxillary
electrode was desirably sepé}azxﬁbphysically from the vicihity of the
working electrode but electrically connected through the porous seal
through which ionic mlgratlon could occur. Furtheﬁmore, the large

_auxillary electrode compartment containing the bu1k of the medium,



Fig. 3.

Polabfzation‘ce11 

1, Reference eiectrode (SCE); 2, working electrode (mild
stée]); 3, corrosion chamber; 4, porous seal;‘S, auxillary
electrode (platinum); 6, auxillary electrode chamber (médium

+

reservoir).’
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which slowly diffused into the corros1on chamber acted as a substrate
reservoir for more susta1ned ‘bacterial growth and activity.

A major advantage of this cell is that it is simple to construct
and assemble for use. The whole unit, minus the reference and work1ng
electrodes is autoclaved as one, reducing chances of bacterial -

contamination.

Operation of the polarization cell

~ The SCE was sterilized by wrapping it for 10 minutes in tissue
paper soaked'int70% ethyl alcohol, while the working e]éctrpde was
sterilized by immersidn in 70% ethanol\for 10 minutes and rinsed in
'95% ethanol to degrease. aA]I other combonénts#of the cell were«
assembled and autoclaved at 121°C-and 15'pounds pressure per square '
inch (bSI) for 15 minutes.

Before each polarization run, the medium was deaerated,by passing
a stream of deoxygenated nitrogen gas (N,) for 5 minutes, and the cell
immediately fitted with neoprene stopper carrying the working and
reference electrodes. Deoxygenation was as described previously. No
" further deaeration of the po1ariiation cell was attempted so that the
exper1ments were conducted\under microaerobic conditions. Unimmersed
portion of the working electrode (coupon) was/ covered with teflon tape.

Immediately after 1nocu1at1on (t1me zero) the working electrode

- was polarized potentiodynamically over a range of 0.4 volts in the .
negative and pos1t1ve d1rections (cathod1ca11y and anodically, respect-‘
ively) of the open q1rcu1t potential. Uninoculated po]arlzat1on cell

"was the control. All runs were conducted with fresh coupon samples.

The potentiostatic device employed was a Princeton Applied Research
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'(PIA.R.) Polentiostat/Galvanostat coupled to P.A.R. Model 175 Universal

programmer which providedvfhe desired pofentiaT (as measured by Electro-
meter Probe Model 178) between the working electrode (coupon) and the
reference SCE. ‘The corresponding current output was recorded on Houston

Instrument Omnigraphic.Recorder Model 2000. Other operational

.conditions were as follows:

Current range (Model 176 current-voltage converter),
100 wA-10 mA
Imposqd voltage, t0.4 V (with respect to open circuit
po;ential o
Scan rate, 2 mV sec”!

“Chart speed as in po]arography

A]] measurements were carr1ed out at room temperature (25°C. + 2°).

Coupon Corrosion Assembly

. Continuous culture system

The continuous culture system employed consisted of two components;

the medium reservoir and the corrosion chamber as in Fig. 4.

Each medium reservoir is a 44-1itre container which can simu]tanér
eously feed five corrosion chémbers. Each reservoirtis additioha]]y
fitted with a medium supblyport and a fi]ter-fitted-equ%]ibration tube.

Each cbrrosion chamber is)a 500 ml Erlenmeyer flask, fitted with
a side arm and is essehtia]]y an overflow flask. Three coupons per
flask were suspended by means of nylon thread firom neoprene rubber

stopper fitted with n1chrome wire hooks.
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. Fij. 4. Apparatué —?or continuous cultivation of Isolate #200 dur‘i‘ng
corrosion of m1'.1d steei coupons..

1, filter-tipped aspirator; 2, flow breaker; 3, medium
reseIrvoir;A, corrosion‘chamber“; 5,_m1’1d steel coupons;

6, effluent.
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Qgeratfon of the continuous system

' Media in reservoir and corrosion chambers were autoclaved separate—
| ly, The'toupon-rubber bung assembly was sterilized by immersion for 20
minutes in 70% ethanol prepared with coo1ed boiled d1st1]1ed water (to
4 deaerate) The ster111zed coupons were then immersed in 95% ethanol
for ‘about 10 m1nutes for degreas1ng and dried 1mmed1ate]y in dry ari-
' f]ow ‘under- u]trav1o1et 11ght | |

Each corroS1on chamber, 1n1t1a11y f111ed with 400 m1 of med1um -
was assemb]ed under asceptic cond1t1ons (in a 11m1nar flow hood) and
tnoculated. Cultures in the corros1on chamber were allowed to grow for
24 hours before being connected»to the medium feedline. ' This procedure,’
a]]owed the culture to establish and brevents waehout ‘A medium flow _
breaker was 1nserted 1nto each feedline to prevent ascendlng contamin-
ation of the reservoir from the corrosion chamber and to ac111tate the
regu]at1on of med1um f]ow ‘rate by count1ng the number o;(zﬁzk$ as they .
~ fell through the f]ow breaker - The f]ow rate through}eaéﬁ~Jupp1y line
" was 1ndependent1y contro]]ed by means_of clamps ThéﬁZTIut1on,rate
was 0.012 hr'!. The medium d11utjon rate was chosen to simulate slow
growth under natural conditions and higher flow rate caused backing up

of medium in the flow line. One of the five'corrosion‘bhambers was

left uninocu]ated and constituted the contro} flask.

‘Semi-continuous culture operation

iy

The semi- cont1nuous cu]ture system cons1sted of a 500 m] Erlenmeyer
flask with a s1de arm at the bottom side of the f]ask (Fig. 5) Each
flask is. stoppered w1th a neopﬁbne rubber bung carrying a medium

delivery tube and f11ter~f1tted equilibration tube. The top of each



Fig. '5. Semi-continuous cu]ture.system.
1, inoculation port (serum-capped); 2, filter-tipped
aspirator; 3, mild sfee] coupon; 4, effluent; 5, corrosion

chamber.

b
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‘medium delivery tube was covered with serum rubber cap through which
injections of inoculum and fresh medium could be made. Spent culture -
"~ was run off by open1ng the c]amp at the side arm and an equ1Va1ent

vo]ume of fresh med1um 1nJected through the serum cap, once every WeekJ

Static cultures

Static cu]tures were maintained in 500 ml Er]enmeyer flasks into
which the coupons were suspended Once 1nocu1ated and assembled, the
static cu]tures were not tampered with nnti1 the end of theidesignated
experimental period. | | |

Steri]izatibn of.components of theysemi—continuous and the statie
cu]ture“systems‘was~as described previous]y‘fpr theicontinuousvcu]turef

system. T

[
LR

Cyclic Exposure of Coupons to Cultures of

Isolate #200 ‘and the Air

P4

-

F1ve mild stee] coupon spec1mens prepared as descrlbed prev1ous1y

~ Were submerged in.500 ml static cultures of 1so]ate #200 in But11n S

and By, med1a After 3 days of 1mmers1on these coupons were removed |

: ascept1ca11y and’ transferred to ster11e empty 500 ml Erlenmeyer f]asks
with s1de-arm for 4 days. The side arm was f1tted w1th Ge]man f11ters
to allow free d1ffus1on of air and prevent bacter1a1 contam1nat1on
Durjng the‘atmospher1c exposure, the)§urface oxidation of the coupon

to Fe(III) form was supposed to occur. |

| After 4 days of atmospher1c exposure, the coupons were: then return-
ed to fresh cu]tures of the organism. The above cycle was repeated for

~a total of 4 weeks (4 CYC]ES). After the_finaT\exposure to theh

.
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: unused‘samp1es were stored -under vacuum.

| | \ 60,
atmosphere,-the coupons were cTeaned and'weighed to determine weight
loss. Two of the coupons were withdrawn from each culture flask. for

scanning electron microscopy.

Corrosion Test Specimens -

The corros1on test spec1mens (coupOnS) were AISI 1ii18 mde'stee}

- of the fo]10w1ng d1mens1ons 1ength 5 cm width, l 2:.ch; th1ckness,

0.1 cm. Each coupon had a hole (d1ameter 0 6 cm) punched D 4 cm from

‘one end The coupons were obta1ned from Caproco Corr051on Prevent1on

Ltd., Edmonton a firm of corrosaon consu]tants

Each coupon was punched out on a die from sheared cold- rol]ed
sheets of the meta]. A un1form brlght finish was obtained by b]ast1ng
w%th powdered g]ass Coupons were f1na11y packaged singly in protect-

ive paper sleeves and sea]ed 1n water proof cas1ng The coupon

conta1ners were on]y opened to remove spec1mens for 1mmed1ate use and

-
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RESULTS AND DISCUSSION

Problem Definition

Characteristics of the crude 0i1 samples

In understanding the corrosion problem of the Pembina crude 0il

p1pe11ne system it is pertinent to 1nvestlgate the character1st1cs of

the crude 011 1tse1f wh1ch might 1nf1uence corros1on processes Factors :

like’ 1norgan1c matter and water content w111 decidedly 1nf]uence “the

conduct1V1ty of o11 samples and hence the intensity of d1rect e]ectro- R

chemical attack of ‘the. pipeline. Moreover, the water content will

1nf1uence the bacter1a -carrying capac1ty of the 011 samples. ‘ 0rgan1smsA

‘need water for their metab011c act1v1t1es so that an 011 sample which is

free of water will not sustain any bioiogica]_activity;l

_Physico-chemical characteristics

Crude 011 samples from Pemb1na and Ra1nbow f1e1ds cannot be

&

d1fferent1ated by appearance or sme]] » These two oil samp1es also

_contain m1crob1a11y degradable components‘(Westlake and Cook,,1979){

Bottom sediment.anddwater content and;speciffc gravity

1

Tables 1 and 2 show the Bottom Sediments and Nater (BS and w)

content of Pembina and Ralnbow crude 011 samp]es, respect1Ve1y

-Although these samp]es were taken a year apart they were samp1ed at

glthe same season (w1nter), and .the f1gures obtained were 51m11ar to a]]—

year. trends I . .

Pembina oi] s BS and W content was censtant (0 05%) throughout the .
61



TABLE 1. Summary of bottom sedlment and water (BS and W) and spec1f1c

gravity of Pembina crude 0il! .

Sampling date — BSand W Gravity at - 60 F (15.6°)

13-1-78 G0 e

16-1-78 o0 0.6m
’:1751778' o5 F - om
18-1578 B 0.0 0.608
19-1-78 - g5 O oen
' ‘ 614

e g

20-1-78° g5

S

23=1-78 o 0.05"
L2417 0.08

0.
0.610 .
T e
25-1-78 005 ';.' . o6s .
0
0.
0

.610
26-1-78 .. 0.5 614
S o2-1-78 g5 & 616
T RN TN L
30-1-78 . T 0.08 S . 0.598
e N
31-1-78 . o 0.05 ST o626
1-2-78 005 gleig
. s . IR ¥4

RPN

)
J;

2278 . g5 S, 0608

(VR

204180 g8 Y a4z

1Prov1ded by Interprov1nc1a1 P1pe Llne Co. Ltd., Edmonton.
2Not degermined o o 11f PR ‘, i et

e
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TABLE 2. Summary of some readings obtained for bottom sediment and

water (BS and W) and specific gravity of Rainbow crude oil}

Sampling date

BS and W

‘Specific Gravity (15.6°)

23-1-78
24-1-79
25-1-79
26:1-79
27-1-79
28-1-79
29-1-79
30-1-79
31-1-?9‘
1-2-79
2-2279
3279
4-2-79
1 5-2-79
7-2-79
éq-lﬁeo

®

0
0
0
0
0
10.05
0
0
0
0
0

.10
.05
.05

.05

.25
.10

.10

).05

.05
- 0.20
" 0.05
0.05
© 0.05
0.05

\

.05

N

~ 0.616
- 0.614
0:622
£ 0.616 »
0.619
n.d.
0.624
- 0.624
0.642
0.634
0.627
0.632
" 0.630 -
0.621
0.627

n.d.2

1Provided by Interprovincial Pipe Line Co. Lfd.;-Edmonton.-

?Nof detérminéd:','"'
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sampling period. The specific gravity varied only very little, too.
On the other hand, the BS and W value for Rainbow oiy varied more and
was on the average higher than Pembina's. Similarly, the specific
gravity of the Rainbow oiirvaried more and was generally higher. The
higher average specitic gravity obtained in Rainbow 0i1 would be a

| ret1ection of tne higher contribution by water‘in the oil-water
emulsion. If no factor other than pure electrochemical attack on the
metal pipe nere‘reSponsible for the corrosion observed in the 1ines,‘
it WOuld"beleipected that deterioration” would be higher in Rainbow‘oi1—vt
carnying 1ineslthan in the Pembina system. This is because of the high-
- er water-containing (BS and W) character1st1c of Rainbow 0il. The high-
er water content would dissolve and transport more inorganic salts from
the earth and thus enhance the conductivity of Rainbow 0il. However,
more corrosion failure was reported in Pembina than in the Rainbow pipe
‘Tine systems signifying that factor(s)‘other than, or in addition to,
direct e]ectrochem1ca1 attack was responsib]e for the corrosion observed.
Since - BS and W measures the total content of water, by volume, and water-
| soluble substances (organtc and inorganic) it indirectly measures the
potentia] microbe-carrying capacity of the oi] samples since micro-
organlsms need water, dissolved salts and carbon/energy cdntents of the

' o11-water emulsion for metabolic act1v1t1es Theréfore, the constancy
of occurrence of BS and W in all the crude 011 samples assured the -
supply of water and water- solubles to any m1croorgan1sm present and

raised the problem of poss1b1e bacterial 1nvolvement in the corrosion

“process.

¢ ‘ N ) , :
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Microbiological Characteristics

Occurrence of bacteria in crude 0il ‘samples

The higher BS and W value for Rainbow crude oil samples did not
correlate with the low frequency of pipe failure observed. This and
the contrary situation in the Pembina line suggested factbrs other than
direct e]ettrochemical phenomenon‘wére involed. Mofeovér, the thariant
occurrence of BS and W pointed to an envirohmeﬁta] condition wH%ch 8
cou]d‘stport microbial Tife. These observations prompted the investi—
gation of bacterial occurrence in the oi] samples. The role of bacteria
in metallic corrosion is well known, having been discussed in the
Literature Review.

The data shown in Table 3 show the incidence of bacteria in
Pembina.and Rainbow o0i1 samples over a peridd of‘one year. It is
eyident that the number&of bactéria Varied conside(ab1y in Pembina.

I {

In a11<cases, bacteria were always present. However, only a small part
of the popu]atibn was able to produce $2° from S0,2 or $0327. |

In-a more extensive survey for a period}of 3 years, bacteriai
drganisms capable of producingisz' from S0,2” and S032” were always
detected (Westlake and Cook, unpublished daté).

‘No bacteria were detected in Rainbow 0i1 samples throughout the
test period. The result of gnrichmént procedures observed failed_to
show the presence of any contaminant bacteria in the oil. It was
- unlikely, that any béhferié.weré present but failed to grow.

Since bacteria were found in Peﬁbina but not Rainbow samples the

possible contributioh of bacteria could explain the high frequency of

pipe failure iA’the Pembina system. This circumstaﬁtia] evidence of
e -

W - K
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TABLE 3. Summary of bacterjg] counts taken from Pembina‘and Rainbow
crude oil samples over a:period of a year..

X

_Viable bacterial count/ml *

~ _Pembina crude 041 Rainbow crude oil
Sampling Plate =~ S§27. Plate s27-

date. - L counts? ‘generators? counts generators
15/12/77 020 nd - -
15/2/78 T 0 nd - -
A 4 o - -
22/6/78 594 s
27/71/78 2374 54 -
198 154 35 B .

24/11/78 : 68 10

1yiable colony forming units = -
2MPN counts in modified But]in'simedium containing $0,2” and S0,27,
n.d. = not determined, B | |

-~ = not detectab]e.



67.
bacterta1 involvement is supported by the fact that.among these bacterie
were those whose activities would overtly change the chemical and
phyeical characteristics;of the interibr of pipe envinonment. For

. example, the growth and activities ef Szf-generatfng\becteria might

increase the S2° in the environment.

Incidence of Ferric Iron-Reducing Bacteria = -

Estimation of the contribution of iron-reducing bacteria to the
total bacteria in Pemb1na 0il (Table 4) by the most probable number
: *techn1que (Cochran 1950) yielded extremely low va]ues However, in
all: samp]es tested there was a1ways 1ron -reducers present In many
1nstances,‘p1at1ng the 011 directly on B,, agar medium yielded counts
in excess of 200 cells/ml. Crude.oi] is immiscible with water and so
| cduld net be transferred as a homogenous system during the serial
~dilution in MPN technique. The‘prob]emetic'transfer.Of organisms from
the oil phase to the liquid phasgmin which growthéwouid be initiated
*  Mas thought to be responsible for Tow MPN counts. It was probable that
most of the organisms were still associated with the-oil phase and thus
several viable cells (1nstead of a s1ng1e‘ce11) would y1e1d only one
posttive result. The thin spread of the 011 inoculum on the 1arger agar
surface increased the med1um/011 1nterface from which growth would be
initiated. Very 1ow medium/oil interface was the case in MPN counts
gk where dilutions were made in test tubes whlch have very small cross-
¥ sectional area. Thus, whi]e bacteria1 counts involving crude oi]
cannot be cons1dered accurate it is likely that counts obtained on Blo |
. agar plates wou1d be c]oser to that which exist tn the of]-water system.

Therefore, iron-reducing bacteria would be expected to be far more than
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g . » - LA :
TABLE 4. MPN counts of iron-reducing bacteria and the total bacteria
in Pembina crude oil samples. . s G H
. \Viab]e bacterial counts/ml
: _ . Ferric iron-
Sampling date o Total bacteria _reducing bacteria_
3/3/78 | ' 1300 79
t . ’ ’ ) . .
8/8/78 310 | ‘ o] i
o 5 S B :
J10/8/78 RO 1o . s 3
14/8/78 S B R !
18/8/78 - 1800 ' J{'
co ' - .
3 :. (ff?\
Ax/’.,‘ v
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1-79 cells/ml as indicated by the MPN counts. The more important fact,
though, is that this type of bacteria’ nas always present Much more o

,1nterest1ng, however, ‘was the rea]izat1on that some of these organ1sms

" combine the ability to produce 52~ and reduce Fe(III) (Tab]e 4). Thei

concom1ttant product1on of 27 and reduction of Fe(III) cou1d reduce |

cons1derab1y the redox potent1a1‘of the environment, a situation which

is inimical to the maintenance of the 1ntegr1ty of bur1ed ferrous

. metals (Miller, 1970)

Studies on Sulphide Production by Bacteria Present
b o ;
#in Crude Qi1 Systems

i !
The generat1on of sulph1de is a recogn1zed means by which bacter1a1

act1v1ty can cause corrosion of ferrous meta]s Gosta Wranglen (1972)
ascribed the corr051y1ty of $2° to its high molar po]artzatjon. Anions
of high molar po]arization have a tendency"to adsorb on meta} surfaces;,
promote electron exchangewreactions and, as a'result, cata]yze corrosion
reactions Thus, su]ph1des may cause the st1mu1ation of anod1c dissol--
ution of ferrous metals by d1rect/chem1ca1 react1on with the meta]
(wank]yn'and Spruit, 1952). Furthermore, FeS,-once produced, may
:gtimulate further corrosion by'cathOdic depolariiation. It was the
realization of the important role of S27 in the corr0510n process that
prompted the 1nvest1gat1on of 52 product1on by bacteria isolated from
crude 0il systems. u

| Blackening of medium due to. FeS formatiOn“was'a1uays observed
wheneéer But]in's medium (with or‘Without S0327) was inoculated with

Pembina crude 0il samp]es or produced water from Pembina f1e1d It.

was observed also that the addition of 5032 to the medium always
i

\\.\ ' . o . c - \

N
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}~decreased the time needed for v1s1b1e productlon of, S27, It wou]d
appear from this observat1on that e1ther SO3 " enhanced the act1v1ty of -
»su]phate reducers a1ready known to be present or that there was, in
- addition, a popu]at1on of m1croorgan1sms which spec1f1ca]1y reduced
| S0327,

In an 1nvest1gat1on of - the m1crob1o]ogy of a failede corroded
segment of a p1pe from South Saskatchewan P1pe11ne Company, n
su]phate reduc1ng bacterium was isolated or its presence demonstrated
However culture of. the corros1on products ylelded sulphite-reducing |
bacter1a. This resu1t was corroborated in a separate study 1n Dr,
Cook's 1aboratory Tq“f, it appeared that a popu]at1on of bacter1a
-other than the a1ready recogn1zed su1phate reducers, exist that contri- -
bute to overall $2° generat1on in crude 0i1 systems These other:
bacter1a by v1rtue of the1r ab111ty to produce 82 would be 1nvo]ved

_1n the corrosion process

"

Sulphide Production in Pure Cultures

To 1nvest1gate the hypothes1s that other bacter1a, in addition to
~ sulphate-reducers ‘contribute to the corrosion picture, a large number
of bacterla were isdlated from Pemb1na crude 011 samp]es and their

ab111ty to reduce ox1d1zed 1norgan1c sulphur compounds to S2” 1nvesti—

~ ‘gated. Sulphate, sulph1te, thiosulphate and e]ementa] su1phur were ;vji-\

spec1f1ca]1y chosen because they are potent1a1 1ntermed1ate products of |
d1551m1]atory sulphate reduction (Jobson, 1975; Flndley and Akag1, j;
]970 Suh and Akagi, 1969). wh11e su]phate 1s a C%mmon cdntent of 5011
‘water which may be the produced-water. Thus, 503 and 52032 would

3"

lbe expected to be present in Pembina 0il where the presence Qg su]phate- ‘

-4
S .

B
39
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reduc1ng baéter1a has always been demonstrated E]ementa] sulphur was
1nc1uded 1n the. reglme of test compounds because 1t is often a common
content of many crude 0115 |

~The result: of the reduct1on of S0327, 032" " and S0 using 1actate
| as e]ectron donor by the non- su]phate reduc1ng 1so1ates is shown 1n
'.Tab]e 5. The 21 1so]ates ‘capable of reduc1ng SOI,2 were a]so able to
‘reduce S032° 5203 "~ and SO in Butlfﬁ's medium. The result’ shown 1n
Tab]e 5 1nd1cates that over 80% of the isolates were able to reduce
one form of sulphur or the other. Essent1a11y 4 ‘groups of bacteria;'
'f:based on their ability to reduce the tested sulphur compounds of ‘
d1fferent ox1dat1on states ex1sted in Pembina 011 Only a m1nor1ty
fa11ed to reduce any form of su]phur Su]phate could on]y be reduced o
"under anaerob1c cond1t1ons Moreover, none of the: aerobes was ab]e to
reduce SOQ to 32 It Nis observed that a ce111ng on the reductive

capab1]1ty of each group of bacter1a appeared to be set by the ox1d-

- atlon state of the su]phur compounds Thus, a particular group cou]d -

. hot reduce a g1ven compound with the 5u1phur hlgher than a certa1n

| oxidation state, Howeveg, other compounds whose su]phur groups were oF”
Tower oxidation states than the maximum ‘were reduced by the. ‘given =~

: group. Since $0,42° and 5203 are 1ntermed1ates of 50,2~ reduction and

since the reduct1on of" 503 can produce $,0327 or vice verga 1t is.

~ -apparent that the reductive step. of each group of bacter1a would form a

potentia] substrate for- anotherzgroup to act upon The resu]t of. th1s '

‘.1nteract1ve bacterid act1on witl be a 'cascade’ of sulphide generation’.

“The. concept and funct10n1ng of the cascade system in Pemb1na 0il

'p1s depicted in Fig 6. Group A organisms are the su]phate reduc1ng ‘_

bacteria which a]so reduced 303“’ 52032 and-S0 - Group B could reduce

R Sy



72.

TABLE 5. Reduction of 50,27, 50,27, $,032" and S® by bacteria isolated

from Pembiné oil.

’ 827 formation from test compounds . No. of organisms!

'Batteria] Coe _ - .~ showing positive
Group : $042°  S0327 5,042 'sd _ reduction

A i i +*"_ . ey o 21
e T, 19
c - - s m
D § - e ‘; e 56
. R IR L

1256 isolates tested.
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Fig. 6. Diagrammatic representation of the 'cascade system of $2°

X,

- generatioﬁ' by bacteria in t@;%Pembinakcrude 0il. .
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5032 . 52032' and S0 but not SOQ ‘, wh11e group C could reduce on]y

$2032” and S0 but not §0h2 and 503 i’ Group D organ1sms reduced on]y vl
S°. Th1rty -$ix 1so]ates tested dld not reduce: any of the test compounds
Thus,: the 1ntermed1ate products, 5032 -and: 5203 > wh1ch wou1d have
accumu]ated under poor growth cond1t1ons from the act1v1ty of su]phate—
reducers would be further reduced by groupsaB and ¢ organlsms Consequ- .
’ently, there wou]d be .an enhanced product1on of 52 due EE,EDQ/JH*TF |
act1on of these groups of bacter1a The enhanced generat1on of.§2 may

%"

increase. the reaction with ferrous meta] caus1ng an 1ncreased st1mu1a- gﬂf

\

tion of anodic- d1sso]ut1on as was po1nted’out by wank1yn and Spru1t
‘(1952) In add1t1on, the 1ncréased generatlon of 82 and the accompany— »
-1ng anod1c d1ssolut1on would produce more FeS (corros1on product) whose .
: vcathodic depo]ar1zat1on character1st1c 1s'we?1 documented»(Booth et aZ
1967 Booth et al., 1968). G ey

| It is apparent from the toregoing discussion"that”the interactive | 1;?#
relat1onsh1p among- the different %roups of the 52 -generat1ng bacter1a o
“would prevent the accumu]at1on of- tox1c products Butlin et al. (]949)
noted tha? SO3 27 qp cu1tures of Desulfbvtbrzo sp could become rap1d1y
tox1c and 1nduce morpho]og1ca1 changes , Jobson (1975), a1be1t he d1d

not cons1der 503 2" concentrat1on at the 1eve1 of 0.39 umoles/m] in
'cultures of Desuljbvtbrzo sp tox1c, assoc1ated a temporary dec]1ne 1n
the synthe§1s of cell. nuc1e1p~ac1ds and prote1n with the 5032 accumu]a-
: ' tion. Henge in Pemb1na oil system where the 1nteract1ve 82 product1on
o ex1sts any repress1ve 1nf1uence of the 1ntermed1ate products of su]phur\‘
Ecompounds reduct1on would be prevented by prompt removal of the tox1c
Esubstance by the different bacter1a1 groups “The requt wou]d be a

sustained,-enhancedAbacteria]‘act1v1ty; It is very apparent that the
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' system would enhance corros1onxhn the cqrr0510n process The Cascade -
;system, therefore, lS cons1dered one very 1mportant mechan1snnhy wh1ch

' the severe corr051on of Pemb1na crude 01l p1pel1ne{system arises.

4Substantiation:of»the'Cascade—System of §2° Productionﬂ

The proof of the ex1stence of the cascade sys;em of §2° generat1on
necessarﬂly lnvolves the demonstrat1on of 1ncreased '§2° product1on and
.‘E;preventlon of. accumulatlon of an 1ntermed1ate product in mixed cultures”
'of two groups of bacteria as. deplcted in F1g 6. .In th1s study, Isolate
: #230 (group B) and Isolate #2l3 (group C) were grown as pure or m1xed )
cultures in Butlin s medium conta1ning $,032 . As‘was shown earller “
i: szolate #230 Wl]l reduce.503 S‘2032 and so, while Isolate #2l3 will
,reduce‘Sé032f and SO but not 503 S1nce the structural d1fferénce o
bet_ween;SO3‘2 “and 8203.f 1s the presence of the sulphane sulphur/1n
Szdgz' it was thought that the reduction of $,032° probably 1nv‘lved an
,1n1t1al cleavage and then reduct1on of the'sulphane sulphur, w'th the

of reacti n has been

formation of sulphonyl sulphur (- 5032 ) Thls t.'

7known to occur 1n other bacterla (Roy and Trudig_lh 970 L 1nweber

and Monty, 1963). “With pure culture of Isolate #213, 50327 would be
- expected to accumulate w1th §2” productlon On the other’hand, in.a |
m1xture culture of Isolate #2l3 and2#230 no 5032 would/éé expected to ,f o
‘accumulate and more $2° productlon would be also-expected too. This N L
~vrelationship 1s portrayed in Fig. 7 | |

A

- The data in Table § show the result of §2” and S’ 2" format1on J'~'~

.m'32032 \\n pure and m1xed cultures of Isolates #230 an' #213 Morefjld

l'.



Fig. 7. Model for $2” and S032” formation from $,05%” by groups B
and C, | '

s2”_producing bacteria from Pembina crude oil.

~»
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TABLE 6. Formation of S27 and S032" from S,0527 in pure and mixed

cultures of isolate no. 213 and 230.

Incubatien time (hr)

A

' . .
Organism  S2 (umoles) $S032° (umoles) S2 (umoles) 5032"(umqles)
#2213 (Group C) . 5.9 3.2 110.9 3.7
#213+ 4230 7.9 6 1.5 Yo7

#230 (Growp B) 2.7 40 32 . 2.3
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Very}1itt1e restdua] 5032'fwa§'found in thermixed culture after,to hours .-

With Isolate #213, ‘there was an increase in residual 5032~ with
Incubation. This 1ncrease in S0327 accumulation accompan1ed an increase
in the total sulphide formation; a situation cons1stent ‘with F1g 7.
-However,‘the amount of S27 formed after 10 hour_incubation Was,approxi-
:nate]y thrice aS much as S032” formed. This would not be expected if
the reduction process involved s1mp1y the reductive cleavage of the
.sulphane-S, with the SO3 produced and accumu]at1ng (Kobayash1 et al.
1969; Leinweber and Monty, 1963). However, the nonfstoichiometric
accumulation of 5032' might be due to instability of 3052' or because
-other 1ntermed1ates wh1ch were not ana1ysed for were formed.

In cultures of Isolate #230, an 1ncrease in s2° format1on w1th
1ncubat1on was accompan1ed by a decrease in 503 remaining in the
culture medium. ThlS observat1on is con51stent with the ab111ty of
#230 to reduce both S0327 and 5203 . - o o
_ After 3 hour incubation, there was a higher accumulation of
residual 5032 in the mixed culture (#213 +>#230) than in either of the
pure cultures. ‘This observation is st111 consistent n}th the mode] |
presented in F1g 7. As shown in’ the model, the 1n1t1a1 step 1nvo1ves
“the cleavage and reduct1on of the sulphane su]phur with the format1on of
5032'.~ In the mixed culture, the independent formation of S032° by
~ Isolates #213 and 230 at the initial stage of reaction would be expect-
ed to contribute more $052° ‘to the reaction mixture than the S1ngle
organisms with longer 1ncubat1on, the résidual S0427 -in the m1xed
cu]ture was much’ Tess than that in pure culture of Isolate #230. Thus,
Isolates #213 and 230 acted in concert to produce more S2” and prevented

greater S0;2° accumufation‘than was the case when the organisms acted
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singly after 10 hours of incdbation, However, when the incubation was

‘protracted (over 24 hours), the resu1tlwas difficult to interpret It

is concluded that'the result of $2° and, 5042~ format10n from 8203 by' -

pure and m1xed cultures of Iso]ates #213 and #230 is conswstent w1th

and duly supports the'ex1stence of cascade system of $2° generation'.
- f

in Pembina crude 0il system.

LR

A 1ess d1rect ev1dence of the occurrence of the cascade system was

<

furn1shed by the observatlon that enr1ched cultures of Pemb1na crude

oit treated with .mercuric ch]oride yielded almost exc]usive1y"$2f='

generating bacteria (F.D. Cook, perSonaT'commnnication)" Amongst the -
surviving organ1sms were those which reduced only $,042° althaugh this
compound was not added or1g1na]]y to the culture The property df

selectlve k1111ng of non-gulph1deaproducers by ng was adopted in this

~work to isolate and purify cu]tures of 82 -produc1ng bacter1a The

s1gn1f1cance and the probab]e means by wh1ch Sz~—produc1ng bacteria

survive Hg tox1c1ty is d1scussed.subsequent1y.

' The Role of ng+ in Isolation of}SZ':producing Bacteria |

Mercuric ion is a very potent poison Its potency is associated

with the av1d1ty with which it b1nds ‘and 1nact1vates act1ve s1tes of

several enzymes The b1nd1ng is d1rected spec1f1ca11y to the Sulphy-
dryl moe1ty. In the presence of 5§27, however, ng reacts to form an -
extreme]y 1nsolub1e HgS (Ksp 1x10752) wh1ch is precipitated from the '
solution. Thus, in the presence of S2 H92 and, therefore, its )
toxicity‘ls redgced or e11m1nated. | . | R

In the purification of the enriched culture of Pembina\oil contain-

ing reducible S-compounds the addition of ng+ killed off aiT»(or_most)'

~an
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_-organ1sms except. the act1ve 52 producers S1nce both 52 - and non-“y*fff_,
'sulph1de producers were or1g1na11y present 1n the enr1ched cu]ture the
"surv1va1 of on]y the S2~ —producers must be due to 1nab111ty of Hg
penetrate the1r cell enve]opes Conce1vab1y, 52_ as 1t was %e1ng
produced and d1ffus1ng from the organ1sm reacted w1th ng to form the
:ﬁ1nsoluble HgS wh1ch in turn formed an 1nsolub1e coat around the ce]]s
- The presence of the 1nsoluble HgS' utevented the 1ngress (d1ffus1on) of
Hg2+ into the ce11 cytoplasm and the organ1sms survived. w1th\the
non- su]ph1de producers, no such protect1ve HgS would be formed and ng+,
.was able to permeate the cells and k1]1 them. This technique was also
ut111zed to pUr1fy 50,2 -reduc1ng bacter1a
| However, 1t is not 1mposs1b1e that the 52 -produc1ng organ1sms are
1nnate1y1nsens1t1ve to ng tox1c1ty . This suggestion 1s.not supported
=by other pieces of ev1dence It was,observed‘that;a fresh inoculum.ofb‘
§2° -produc1ng bacterfa, introduced intO'Butiin's'medium containing '
" 5032” and ng failed to surviue‘~lHowever ‘when the same tnoculum was
pre- grown to the act1ve stage the add1t10n of Hg2 failed to kill off '
.the organ1sms Therefore, act1ve 52 product1on is a prerequ1s1te to -
’surv1ve ng toxicity and ‘the 52 -produc1ng bacteria are not intrisic-
a]]yvres1stant to Hg2': ‘ ' | '
| Thisatechnique is considered a very'sensitive'and‘fast approach to
the: 1so]atlon of potent1a1 1ron-corrod1ng bacter1a the rationale be1ng

.

i that the abt]wty to produce §2° 1s-a corr051oh—hazard.

_Concurrence'ofpSOg?f'and‘Fe(III) reduction

Most - isolates which were able to reduce $032" to S2 also reduced

_‘Fe(III) to Fe(II) Nineteen isolates were able to reduce‘SO32 and 18
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;,;of these reduced Fe(III) too On the other hand, 16 of the 19 organ-
Ey isms wh1ch reduced Fe(III) a]so reduced SO3 . Thus of a tatal of _
':;leO 1solates only 3 did dot possess the comb1ned abw11ty to reduce Fe(III)
andSOa From this observation there appears to be a very close
h7 re]at1onsh1p between the ab111ty to reduce SO3 7 and Fe(III) AThe
: author i3 not aware of any 11terature referr1ng to th1s relat1onsh1p
Poss1b1y the genes for the enzymes are 11nked 9r that transfer of |

e]ectrons to these substnates 1s through a S1m11ar pathway

Scope of alternate e]ectron donors for squhite reduction to §2”

In these stud1es, su1ph1de reduction was est1mated v1sua]1y noting

‘the degree of b1acken1ng due to the formation of Fes The controls
. were 1nocu1ated medium p]us 503 " but no substrate (endogenous contro])
and un1nocu1ated tube conta1n1ng the potent1a1 e]ectron donor and 503
‘The ]atter control measure was/to check for. 52 product10n by direct.
' chemical reduttlon of 032" without m1crob1a] part1c1pat1on
It was ear11er observed that only a fract1on of the isolated
bacter1a1 populat1on could reduce 0327 to §2° using lactate as the

-

electron donor. However, it was not possib]e to attr1bute the 1ack of

52 production to 1nab1]1ty of the organlsms to coup]e(ﬂactate
d1ss1m11at1on to 0527 reduct1on or that the organ1sms completely lack- .
a ed the capabllity to reduce 5042° the potent1a1 e1ectron donor not-
w1thstand1ng But when isolates #1]7 87 and~120 which were not able
to reducé-SOa in the presence of 1actate were 1ncubated 1nstead with-
T other potential e]ectron dOnors - g]utamlne g]utam1c acid, L- h1st1d1ne, ﬂ

.

DL- tryptﬂhhan fumarate, ma]onate, malate tartarate, stearic acid 0r

D-ribose - no §2° was produced ejther Based on this study, although

>

N . ]
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ﬁ]1m1ted in the number of organ1sms and substrates emp]oyed, it can be:
1nferred that thése organ1sms did not" produce S2” because they{d1d not

‘. have.the capability to reduce3$03 .and'not because.]dctate wasdan

' inapprooriate,substrate. ~Probab]y these organisms 1acked‘the necessaryq
enzymes“to reduce S032°. E]ementa] sulphur and 82632' were nol;tested.

- For the isolates which were ab]e to reduce 5032 using lactate as

7the electron. donor, further 1nvestigat1on showed that on]y a limited

: number of substrates could funct1on as electron donors for 503
reductiOn - Table 7 shows that of the 9 amino acids tested only histid-
ine served as e]ectron donor for S052° reduct1on by maJor1ty of the

. organisms. , It was on]y Isolate #200 that could uti]ize serine for the
reductive oroceSS. This same organism (Isolate #200) aiso}reduced §0,2"

to é%::(not shown'in the Table) but.failed to do so with DL-tryptophan.

l'Blackentng of/the‘cu1ture medium was observed wtth ISolates #233, 234,
235 and 218 when cysteine was, emp]oyed as the-substrate. “Although the
control tubes failed to show §2° productlon, 1t was suspected that the
§2° observed in ‘the cu]ture probab]y arose, at 1east in part, from the‘

' su]phur of cyste1ne mo]ecu]e Th1s was du]y conflrmed in that in the '«
absence of added 032 there was still somé bTacken{ng of the culture

" medium. However, 1t was not improbable that. both the desulphyry]at1on
end $032° reduction reactlons could occur s1mu1taneous1y Tab]e 8 | |

showééthat of the g]ycolytlc and tricarboxylic acid cycle 1ntermed1ates

test lactate and pyruvate wene the most comonly. ut1lized Lactate

“was readily ut111zed by all the organ1sms but only about 50% of the
organ1sms used pyruvate as the electron donor. A1l the organ1sms
which utilized pyruvate as the electron donor also used 1actate Th1s ;z)_ .

~was not very surprising since pyruvate could be an 1ntermed1ate 1n |

\
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lactate uti]ization (ox1dat10n to acetate) - What was surpr1s1ng,

<

N

thowever was that not a]] organ1sms that ut111zed 1actate were able to

\’
use pyruvate\ It can only be 1nferred that in.such organ1sms pyruvate

1s not an 1ntermed1ate in 1actate ut111zat1on or the organ1sm may be

1mpermeab1e to pyruvate = f R
A11phat1c ac1ds 11ke pa]m1t1c, stear1c and proplonlc were also
v

"tested on- Iso]ate #78 but th1s organ1sm fa11ed to reduce SO “to §27

in the presence of- these substrates \ Other substrates tested were

‘glycerate, succ1nate tartarate acetate, citrate, glucose-6- phosphate, ‘

D- r1bose 5 phosphate and D 2- deoxyr1bose but no S042° reduction to S%

was observed during the exper1menta1 period.  Elemental sulphur and ”

'520327 were not tested as electron acceptors.

It was noteworthy that a]though most of these substrates could

1support the g}owth (ev1dent from turb1d1ty) of these bacteria, these

1rcarbon compounds could not-serve as electron donors fo:.503" reduction.

It was ev1dent therefore that the growth of these organ1sms was not

necessar11y synonymous to 503 27 reduct1on as was thought to be the case

~ with the su]phate reduc1ng Desulfbvtbrco sp (Jobson 1975 Jobson et

al., 1979).. Instances where substrate d1ss1m11ation was not coupled

':to §2° product1on is not uncommon Severa] stra1ns of D. dbsulfhrtcans

and D. gtgas could grow by fumarate d1smutat1on (M1]1er and Naker]ey,

: 1966) and 'S0 Nno SOQ 27 reduct1on was necessary

~\
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Carbon and Energy Sources for Bacter1a1 Iso]ates

- from Pemblna 011 '

( .

Crudg oil degradati»'onby the isolates from'Pembina 0i1

| Th1s study was conducted as a part of the overa]] phys1o]ogy of the h
‘1solates w1th a veiw to understandtng how these organlsms can’ affect the ‘
.comp051t1on of, the crude 0il ‘and, consequently, the env1ronment of the |
“metal p1pe whlch carr1es the oil. The understand1ng of the d1versity of
phys1o]og1ca1 capab1]1t1es among the members of the m1crob1a1 popu]at1on
"w11] he]p formu]ate the 1nter-re1at10nsh1p amongst the m1croflora 'As-

" was p01nted out by Jobson (1975), non hydrocarbon déﬁraders in a m1xed

» culture are not necessar11y hand1capped 1n the1r nutr1t1ona1 require-' D
_ments Products of hydrocarbjh degradat1on by the hydrocarbon ut111z1ng
component of the popu]atlon serve the nutr1ttona1 needs of the non- |

pr1mary hydrocarbon ut111zers Dead cells may provide nitrogen and

o

phosphate also ) I
At the onset of the exper1ment the crude 011 samp]es floated on

- the med\um surface. In many of the cu]ture tubes it was, found that
after abouibz 3 weeks of. 1ncubat1on the 01l samples formed globules
:.~that settled to the bottom of thegcu]ture tubes - This observat1onywas _
1ater shown to accompany bacter1a1 degradatldv-of the samp]es This
sett11ng of the mod1f1ed crude 011 samp]e was . shown to accompany an

. 1ncrease 1n oil density 1nc1deht on. bacteria] modification of the-o11
sample (Jobson, 1975) \' |

of 128 bacter1a ‘tested, 32 demonstrated the ab11ity to. degrade

'crude oil as shown by a change in the gas— ﬁquidvchromatographic prof11e‘ .

of saturate fraction of oil-QFig,,a)tv' lthough'these organisms were
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9. .
able to degrade Rainbow 011, they differedldn the details of actiVity.
K.For example, Isolate #33 showed a genera].tehdency,to utilize most of
the n-a1kanexcomponents more uniformly. On the dther‘hand, with Isolate
#15 there was a selective uti]izatton such that the components selected
against appearedvnot,to be altered whatsoever. However, Isolate #98 |
although showing a general utilization of the N-a]kanes,'some of these
components appeared to be 1ess readily utilized than the others. .

These bacter1a tested were 1so1ated at d1fferent per1ods, and some
“have, as a result, been maintained for ]onger per1ods on comp]ex media.
Iizuka and Komagata (1964) reported that Gram-negative bacteria which
were or1g1na1]y able to degrade hydrocarbon soon 1rrevocab1y lost the
0il- degrad1ng capability after being maintained on nutrient agar slants.
It was, therefore, possible that some of these organisms tested wh1ch
showed negative results had lost the1r crude 011 -degrading capab111ty
Presumably, a greater proportion (than was demonstrated in this work)
of the bacter1a normally present ?n Pemb1na 0il are in nature able to ¢

degrade petroleum. @;

Organic compounds as carbon and energy sources for growth’

The utilization of an array of organie compounds for growth by the
isolates was tested initially on synthetic agar medium. The substrates
were emp]oyed at the level of 0.1% as recommended by Stanier et al.
(1966). Growth was scored visually by comparing the growth on the
substrate relative to that on the control piatesﬂ(without substrates).
Because of doubt arising trom scanty growth on some plates, sueh

results were corroborated by additional growth study in liquid media.

However, the problem of doubtful growth still persisted in liquid
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culture especially with some of the aromatic compounds which oftén
became coloured on autoclaving or incubation. In view of this,
marginal growth from impurities was not improbable.

In general, growth in liquid medium was better than on solid
medium and so was not necessary, in most cases, fo check for growth
sQectrophotometrica1]y. Thése organisms showed the ability to grow 6n
a wide variety of organic compounds including ahino acids; hydroxy |
acids, fatty acids andnﬁsce]]aneous organic. atids (Table 9). Of the
amino ac1ds tested arg1n1ne and tryptophan were the 1east utilized.

Only Iso]ates #120, 230 and the reference organisms included for
“comparison (Pseudomonas fluorescens ATCC 17397, P. putida an_d P.
aeruginésa‘ATCC 9027)4were able to grow on arginine. Iﬁ a similar
manner, only three organisms, Isolates #2, 200 and 230 could grow on
DL-tryptophan. : | |

D1carboxy11c acids like fumarate and succinate, the hydroxy ac1ds
DL- 8 hydroxybutyrate and tHYthate and other organic ac1ds Tike citrate
| were genera]]y utilized. The ut111zat1on of tartarate was, however, .
,11mited. ‘0n1y Isojates #2, 260 and 213 were able to grow on tartaric
acid; none of the reference Pseudomonas:sbp. grew on this substrateL
Although notishown in the Table, malate, pyruvate and lactate were
readily utilized by such versatile organism as #200. These oxyacids
and organic acids were considéred core substrates for members of aerobic
Pseudomonads (Stanier et aZ.,:]966) and should be considered in the
(taxonomy of PSeQdomonads. It is interesting to-note that these |
compounds are intermediate products of majof metabolic bathway Tike the
tricarboxy1fc acid cycle. The significance of this is that the organ-

isms would be able to scavenge on these products from other organisms,
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”

This view is re-enforced by the wide uti]izafion of amino acids which
. could be easily available from auto]ysed dead ce]]s while the other
organ1c acids wou]d be read11y formed from m1crob1a1 oxidation.of

hydrocarbons (Davis, 1967). |

Aldoses were very widely utilized; glucose being the most prefer-
red by the isolates. With xylose, gaTactose;vmannose and ribose only.
with one exception in each case were these not utilized by all the

‘a

~ bacteria, u

AThe non-nitrogenoUs aromatic compounds proved recalcitrant to.
most of the’organiSms.4 In many cases,v]ike&cathecol and p-pheny] pheno1

it was d1ff1cu1t to determine growth because of colour development 4
’Even in cases where growth was thought to have occurred, they were
| doubtfu] and, at. the best poor growth took p]ace However, it is well \
known that even with many organ1sms that grow on aromat1c compounds
ut1]1zat1on IS very s]ow'and consequent1y grOwth is poor.‘

An overview of-the scope of carbon/energy sources for growth
clearly 1nd1cate that these organ1sms have a marked capability to grow
on 3@ wide variety of organic compounds wh1ch could resu™ from metabol-
ic activities of other organisms. Iso]ate #200 showed a versatih‘ty~

| mhich compared favourably or even tended to surpass the proverbial
"“?versat11e Pseudomonas Spp. used for compar1son It s apparent that
“the. number of organ1c compounds tested is rather limited compared to
what wou]d be recommended on the basis of Stanier and co- workers ‘work .

“Nonetheless, ‘this 1nvest1gat10n has served to po1nt to the nutr1t1ona1

versat111ty of these env1ronmenta1 organ1sms
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.Miscellaneous =

Al] isolates from Pemblna 0il tested (Tab]e 10) reduced NO;~ to
NOZ'; HoWeyer v1g@rous den1tr1f1cat1on as 1nd1cated by gas produc-
tion, was observed only in Iso]ates #117 and ]20 With Isolates #200,
218 and 224, only t1ny d1srupt10ns (indicating gas fbrmation) occurred
i the agar co]umn. In‘a separate tesi in liquid medium only sma1i |
| amounts of N,0 were_detectablevin each culture. Tnerefore, Erue
denitrification may -be eaid th to occur in these fhreevorganisms.
Other physiologieal charaeteristics of the 1sola£e$,are‘a150 snown in
Tablé 10. S
 The trend in sensitiyity of the tested organiems‘to various
‘antibiotics (Table 11) was very simi]ar.ed thateobseryed with marker -
orga‘nisms - P. aeruginosa, P. putida and P. fluorescens. ATl fhe
niso]ates tested were sensitdve to ch]oramphenfeo1 and tetracyt]ﬁne
and, with the exception of Isolates #2 and 200, to streptomyc1n On -
the contrary, al] 1so]ates were sensitive to erythromyc1n and pen1c1]1-.
in (except Isolate #117). Most of the organlsms were also insensitive

w4
to Novobiocin,

s
AN o

Sensitivity to antibiotics may be importanf to the taxonomy of
_'baeteriaf_"Members of Pgeudomonas spp. are commonly insensitive to
antibiotics especia11y the penici]]ins (Shewan et al., 1954, 1960).
However antibiotic sens1t1v1ty is. known 1in many other bacterial groups
espec1a11y among the Enterobacteriaceae and the spectrum of res1stance »’
may depend on previous exposure to the ant1b1ot1cs (Battacharya and

Taylor,%3975 Anderson 1968).
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99.
Microscopx‘

E]ectron and ep1f1uorescence m1croscope studies were undertaken to

_1nvest1gate the changes occurrlng on the surfaces of coupons 1mmersed

in cultures of bacteria isolated from Pembina 0il. These changes

)

arise from the loss of or dep051t1on of corrosnon products and from

vthe pgs§1b1e attachment of the organ1sms on the surfaces of the" coupons

Plate | shows the- typ1ca1 scanning e]ectron m1croscopy (SEM) of

-f1ne g]ass blasted corr051on coupon before immersion in bacter1a1

cultures. As is evtdent from the mlcrOgraph the metal is free of any
surface depos1t and the clean metal, albeit rough, is exposed When.”
immersed in e1ther Bip or But11n s medium used in these stud1es,

however the coupons were covered by a crysta111ne coat1ng or depos1t

* Such crysta111ne deposit appeared to be dense (closely packed)

shown. in Plate 2. The thick surface coating would probab]y create a

barrier between the metal and its env1ronment

In the uninocu]ated Bio medium (contro]) the coupons 1mmersed

G

for 6 days were a1most comp1ete1y (if not comp]ete]y) oblaterated by

the surface deposition (P]ate 3). On the other hand when thedcoupons

were immersed in Big med1um inoculated with 1so]ate #200 [Fe(III)-

reducing] the surface coat1ng was extens1ve]y removed, exp051ng the
bare metal (Plate 4). The resu]t was that the surfacé depos1t occurred
on]y as 1so]ated patches A s1m11ar observat1on was made when the
coupons were similarly-immersed in Butlin!s medium, as can be seen in
Plate 5 (contro]) and Plate 6 (inoculated wfth isolate #200). Thus,
it appeared that isolate #200 could engender corroswon of the coupons

by preventing the format1on of poss1b1y protect1ve surface coat1ng

~ Since these stud1esfwere carried out under microaerobic conditions,

R
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Plate 1. Scanning electron microscopy of surface of fine'g]asséblasted'

unimmersed, mild steel coupon. X2485
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Scanning_e]ectron microscopy of dense]y.packed-crystai]ine

surface

5

covering of mild steel COUpOn'incubéted ih Bio medum
for 6 days. Xxe275 = '
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. Plate 3. Scanning electron microscopy of mild steel coupon incubated

for 6 days in uninoculated (control) B, medium. X455
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Plate 4, Scanning electron microscopy of mild steel cou;ln incubated

for 6 days in By, culture of Isolate #200. X455
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Plate 5. Scanning electron microécdpy of mild steel coupon incubated

for 6 days in uninoculated (control) Butlin's medium. X4550

Tl gEm
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‘Plate 6. Scanning electron microscopy of mild steel coupon incubated for

6 days in Butlin's medium culture of Isolate #200. X4550
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any.product of coupon corrosion (i.e. Fe(o) = Fe(Il)) couid'be fUrther
oxidized by dissolved 0, to Fe(III) state. Since the observed surface
| coating was minimai in cu]tures of 1so]ate #200 (which can reduce -

Fe (III) to Fe(II)), it was inferred that these surface deposits were
Fe(iII) compounds which were soiubiiized in the presence of Fe(III)
reducing bacteria Presumabiy, the formation of the dense crystalline
‘surface coating would reduce the contact between the metal and. the .
venVironment and in that manner prevent or reduce corrosion. In
contrast the reduction of the generally insoluble Fe(III)'compounds to
so]ub]e Fe(II) forms by isoiate #200 (or any Fe(III) reducing organism) -
wou]d expose the base meta] allowing for continued 1nteraction w1th
its env1ronment which might Tead to greater corrosion.

The demonstration of the attachment of isolate #200 to coupons
after short term immersion (1-2 weeks) was not unequ1voca], a]though
bacteria 11ke particies were observed on the surface of the coupons.
This prob]em arose because it was not p0551b1e to differentiate '
_armophous inorganic cdp051t from pOSSib]e bacteria The use of epi-
f]uorescence microscopy to study the surface of the previously
‘1mmersed coupons was an attempt at solving the problem of bacterial
identification. with this technique, stained cells would fluoresce
and the bacteriai shape would be evident (rod-=1ike), thus differnt-
iating animate from inanimate particles, |

| Epifluorescence microscopy revealed bacteria] attachment:tovor

c]ose-association with‘the coupon SUrface.‘ Rinsing of the coupon'in
running distilled water (4 1itre/min) did not dissociate the bacteria
from the coupon. It was, therefore, concTuded that this aSSOC1at10n :

between bacteria] cells and metal was strong enough to be con51dered



Plate 7. Scanning é]ectro\n microscopy of mild steel coupon incubated

~ for 9 weeks in By, culture of Isolate #200. X9200






] ﬁbns wererexpoﬁed. (EP - Exbpo]yéaccharide fibrés)

0000

f;" micrograph bf sectioned cells of isqlate #200

g%d‘with ruthenium red. The cells were obta}ned from -

;}k'BIO cuitd?e‘of the organism to which mild sfée]
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Plate 9.  Electron micrograph of sectioned 18 hr ’ceﬂsagf Isolate #2 °
) _stained‘w]'tb»mthenium red. (EP - EXopoUsacchakidic fibres) .

3

" X 37500
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/;/B}6EE/1O. Scanning electron micrascopy showing the attachient of cells

of Isolate #66 to mild steel coupons after 2 weeks'

’ jncubation. X1416
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Plate 11. Scahning electron micrbscopy showing attachment of cells of

Isolate #42 to mild steel coupon after 2 weeks' incubation.

X1416
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an attachmentt Isolate #200 attachment to the coupon'cou1d not be
quantltated (ce]]/un1t area) because many of the ce]ls were actua11y \
embedded in the uneven surface deposits and could be seen on]y at
varied planes of focus |

' Dur1ng long immersion per1ods, 1solate #200 produced th1ck flbrous
exopolysaccharide material in wh1ch the organisms were entrapped and
~attached to the surface of the coupon (Plate 7). U]trastructura] studies
us1ng portions of cultures of isolate #200 into which coupons were
ammersed showed that th1s organ1sm produced exopo]ysacchar1de a]so in
the liquid med1um The exopo]ysacchar1d1c matertal produced by,
surrounding and connecting the cells of iso]ate‘#ZOO in culture is
clearly shown in P]ate 8. The cu]ture material was stained with
ruthenium red which se]ective]y stains poiysaccharides Therefore, it
is certain that 1so1ate #200 has the capab111ty to bind 1tse1f to metal
coupon (by virtue of sticky exopolysacchar1de produced) and did 1ndeed
“attach itself to metal surface as was observed by ep1f1u0rescence" f
microscopy.A uther isolates from Pembina-oiisalso produced sticky exo-
‘polysaccharide (Plate 9 for #2 isolate). o ’ f

Under natural conditions; isolate #200 would exist toéether-with

| ‘other bacteria in Pembtna crude oil. Amongst the isolates obtained
from Pembina 0il were several bacter1a that produced extremely gummy
colonies. These organ1sms read11y attached to the surface of coupons
suspended in their cu1tures. Such attachments after about 2 weeks of 7
incUbatton in batch cultures are shown in Plates 10 and 11 'Evidently,
.organisms which do not readily produce the s11myi adhes1ve mater1als
would be easily entangled in the sses.of the s]1me-produCJng
bacterla and thus help in their a tachment to metallic structures.

|-

\
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Thé imp0rtance'of exoooiysaccharidé in the ‘establishment of micro-i
organisms on d1fferent surfaces has been discussed by Costerton et az
(1978). |

The re]at1onsh1p between bacter1a] b1nd1ng or. attachment to metal
surfaces and the corros1on of such metallic structures is not known.
_ However, format1on of a mass of attached ce]ls may cause development of
. concentratlon cells due to d1fferent1a1 aerat1on Presumab]y, for ap
organ1sm to p]ay a s1gn1f1cant role 1n the corros1on process it should
be c]ose]y a;soc1ated with or attached to the corrod1ng material. In
the re]ated phonomenon - ore leaching by bacter1a - attachment of the
corrod1ng bacteria to the ore part1c1es has been the rule (Berry and
Murr, 1978) However, these workers ma1ntained that attachment to the

ore particles. m1ght not be 1nd1spen51b1e for bacter1a1 1each1ng of ore

materlals to occur



125.

" The Identity of Iso]ate #200

Th& bacter1a1 organism 1so]ated and pur1f1ed by restreaking on
| PCA medlum, from Pembina crude oil and des1gnated Isolate #200 is a
Gram- negatlve aerobic, ox1dase pos1t1ve, non- spor1ng, mot11e rod
.possess1ng 2-4 polar f]age]]a (Plate 12).. When grown at 20° C in an
unagitated But]in‘s medium the organism-prhduced predominantiy 4 flag-
ella per cell, but formed 2 f]age]la per cell when grown at higher
temperature (30°C).n-0ther chanacteristics‘thht may hg]p in the
| identiffqation of I§o]ate'#200 ané shown in Tables 9, To‘andvll.
The.positiVe oxidase_reaction, aerobic character and the presence
of po]ar]y‘pléCed flagella-are charactéristics,that may place this
_organism as a member of the Qénus Pgeudomonas. However, in Hugh;
~Leifson's medium, 0.5 glucose_and lactose broths, Isolate #200 showed
a]kaTiné reaction, instead 6f fhe»commonly observed acidity. Alkaline

react1on in Hugh-Leifson's medium is common]y assoc1ated with members

ﬂ of the genus AanZ¢genes AanZzgenes spp » in addition to the alka11ne o

react1on 1n Hugh Le1fson S med1um, are aerob1c, Gram-negat1ve, oxidase-
pos1t1ve, t11e rods, character1st1cs shared W1th members of Pseudo-

monas . Although common with AanZtgenea spp the alkaline reaction is
by no means unique to these organ1sms Shewan et al. (1960) described -
a group of aerob1c Pseudomonas which showed a]ka11ne react1on in Hugh-

Leifson's medium, . These organisms-were classified by Shewan and co-
‘workers (1960) as Pseudomonas’ group 111. Although members of the genus
.AanZzgenea are described as having peritr1chous f]age]lat1on, some are

'degenerately peritr1chous (Hold1ng and Shewan, 1974)

It is often very difficult, however, to differentlate cases of



Plate 12. Electron micrograph of Iso]aﬁg #Zool(negative1y'stained)

“ showing polar flagellation. 'X29700
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degenerateperitrichdus»f1age11ation fnom polar or subpolar cases. It
appeans;’therefqre, that Ieoiate #200 could belong to Pseudbnqnas | a
group of Shewan et 414‘(1960) or-tn'the'genus 4anligenés. |

- Described species of the'membens of the eenus AanZigenés are
 1ack1ng in their ab111ty to ut111ze carbohydrates and sugar der1vat1ves
:(except fructose) (Stanier et aZ.,4]966). “Isolate‘#ZOO, however, does
grow on .many carbohydratereubstrates as'the sdle carbon and energy |
_souhCe Moreover, AanZzgenes spp have not been reported to 11qu1fy
gelat1n ne1ther do they common]y hydrolyse casein (t e. proteo]yt1c
act1v1ty %n contrast Isolate #200 v1gorous]y hydro]yses gelatin and .
’case1n (1n 11tmus m11k). This proteolytic capability in Isolate}#ZOO
may well explain thevpnedominant_a!ka]inerreactfon observed in Hugh-
LeifSon'st.S%ng1ucose and 1actose broths“gance these media cnntain
beptone'base It fs evident fnom the presence of proteoiytic capabiTity
“in Isolate #200 that th1s organ1sn/cannot be an AanZtgenes sp AN
the ev1dence shown (Tables 9, 10 and 11) 1nd1cate that Iso]ate #200
has more than the phys1o]og1ca1 capab111t1es genera]ly assoc1ated with
members of the genus Alealigenes and conform to the general attr1butes
. of the members of~tﬁ%ggenus Pseudomonas. Although the determ1ned % G+C
content (44.86) of Isolate #200 is Tower than norma11y cited for members
:of Pseudomonas, Mandel (1966) reported the case of Pgeudomonas atZanttca
;NCMB 301 hav1ng a percent G+C content as low as 43.5. o

Jn the‘mostvextens1ve'taxonomlc study so far Undertaken on aernbie

Pseudbmonads Staﬁier et al. (1966) reported that 1n all species. of B
Pseudbmonas examlned that conta1ned C- type cytochromes, the g-band of
the b-type cytochrome lies on the shoulder of C-peak (522 nm); In the

study of the cytochrome content of Isolatef#ZﬂO, absorbance shoUiders"
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ufund'522'nm. ‘This shows that Isolate #200 has a

jféharacteristic; Ih éddition,vlso1ate #200 utilized:
a variefa ' ’f:ufbn cdmpognds.(hydrox& acfds, and other Carboxylic

. ;;d thev'cérevsubstqates‘ fo; aerob{E‘Pseudohoﬁas‘by
Stanier a;; ;é co-workers (1966); Moreover, Isolate #ZOO*grewﬂon
soﬁe aroma;’ ?.mino‘atids (Tab]é 9) utilizing them as fhe sole carbon/
energy souf:< f The fa1r extent of nutr1t1ona1 versat111ty exhibited

by Isolate #: Zi1s rem1n1scent of the members of the genus Pseudomonas.

s

In a moaification of Hugh-Leifson's test, in synthetic mgdium

devoid,of}any prgteinaceous material but containing only glucose, 4

Isolate #200 if ?produééd acid from glucose. 'Thereforé; the strong

"alkaline rea¢;1;” observed in the regular Hugh-Leifson's medium must be

due to the ammon1f1cat1on of the peptone content. 0n the basis'of theée‘»

' character1st1cs shown by this organ1sm it is concluded that Isolate #200

15 a Pseudomonas sp.




Ferric Iron Reduction in Pembina 0I1 System

-The occurrence of}ferric iron-reducing bacteria'may be.regarded‘
as‘an intristc characterist%c of oi]fie]d operattons in North Centra1 K
' Alberta. The1r presence has been detected at a]] times in produced -
"water, o11-water emuls1on as the emuls1on comes. out of. the: we]Ls and '

in the crude 0il samp]es transported through the Interprov1nc1a1-
Lakehead P1pe11ne from Edmonton to Montrea], a d1stance of over 2000
m11es,(Dr. F.D. Cook,,persona] commun1cat1on), |

. These organisms could be easily recognized by their character-

- istic concave coTonia] morpho]ogy on By, agar pTates, When grown on
complex redia, they show ]jgh&vorangefcolorationhbut”prddUced'no |
diffusible pigment. 'These iron-reduCers'are Gram-negative,vnOn-sporeQ.
forming, moti1e:rods. 'Sone Gram;positiveuspore formers are»a1so

' knownuto ocCurgan reduce Fe(III)t'too'(ﬁfD..Cook;‘unpublished‘data),
Their constant occurrence and thejr presesce as an‘appreciable |

vproportion of the tota]fbacterial flora fndcrude oi] samp}es and’their"
propensity to reduce ferrlc iron have made these organ1sms very
attractlve cand1dates for the stud1es of the poss1ble ro]e of 1ron—
‘reduc1ng bacteria in the corros1on proce&s _ |
J - Of 235 organ1sms aerdblca11y 1so]ated from Pemb1na crude 011
19 have ‘shown the ab111ty to reduce Fe(III)qto Fe(II) The data in
'Tab]e 12 shows the resu]t of screening of the 1so]ates for the abi11ty

| ‘to reduce. ferric 1ron - The best iron- reduc1ng 1solate reported by

| ’_}Ottow (1968) was able to produce only 25 mg/L of Fe(II) after 5 days
| ”,'incubat1on A1l the 1solates reported here have shown ferric 1ron-'

‘D

'reducing ab1l1ty several orders of magnitude greater than the ﬁ%cteria
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~ TABLE 12. . Summary of Fe(If)‘proddtéd in’Blo medium by Fe(III)-redu¢ihg"
' - ‘ . . N

isolates

PN

‘Mg Fe(I1)/Titre/mg dry wt of cells .
S 4 o _Incubation period (hr)
Isolate IS .2 4
T > Y70 A ' S
B R - TR 651.7
134, T g0 628,
7 44006 573,
Sl 397.9 ' 448,
80 - 3 : 369.0. 480.
e
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,'isolated by Ottow from soiis It would then be apparent. that the
ab111ty to reduce ferric iron by these organisms is an 1nate character-
IStIC (purposeful) and not due to reductign of Fe(III) by the metabolic
~ products (incidenta1 reductiona ‘Isolate #200 shewed the}greatest
capac1ty to reduce Fe(II]) and was, therefore, chosen for subsequent
1nvest1gat1ons <%

Although the role of iron- reduc1ng bacteria in soil nutrlent cyc]e
”has been rec09n1zed and stud1ed (Kamura et al., 1963; Gotoh and Yamash-
~ita, 1966) only very 1itt1e 1nformat1onis avafiab]e on the reduction
of.iron by pure cu1tures or membrane preparations (Lascelles and Burke,
1978). Moreover, ‘the mechan1sm of ferric 1ron reduct1on Js not ‘well
-understood Because Iso]ate #200 reduces FeQiII) fast it would serve as a

'very convenient organISm w1th which to investigate the character1st1cs

Qf m1crob1a1 reduct1on of Fe(III)..

- Ferric Iron Reduction by Resting Cells of Isolate #200

~ Estab]ishnent of assay conditions

In1t1a] exper1ments were des1gned to estab11sh the conditions
that were favourable for Fe(III) reduction by Isolate #200. The
1nf1uence of temperature, the nature’ of e]ectron acce;tor, and the
scope of electron donors were 1nvest1gated To ascerta1n that the
cel]s were actua]ly utilizing the added energy sources, two controls
were employed : unfnocu]ated and endogenous controls. A]though the
‘possibility of substrate (e” source) carry-over was obviated by

multiple washing-of cells in buffer solutionsf jt was still possible

that endogenous actfvity might contribute to observed Fe(IlI)

reduction. Consequently, the cells were incubated for 30 minutes,
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before use,ito depiete any stored energy sources. In most éases, how-
ever, cell preparations were used after several days of storage during
which any energy reserve would have been depleted. No Fe(III) reduction
was observed in the absence of added energy source (endogenous control).
It was conc1uded therefore ‘that endogenous contr1but1ons to overa]]
ﬁeﬁfEB) reduct1on did not exist under the experimental conditions
emﬁ]oyed. Subsequently, all experiments employed on]yiunihocu1eted
controls.- |

Electron aecepiorsc of fhe soiub]e ferric compounds, ferric
phosphate (FePQy) and ferric ammonium citrate were examined as possible
e]ectron\acceptoré(for Isolate #200. The organism reduced both'com-‘
pounds but reduced FeP0, faster. It was observed with ferric anﬁnniuﬁ
citrate hoWever, that the organism could reduce Fe(III) in the absence
of any added energy source. This would mean that' the citrate of ferric
ammonium citrate a]so_served“as an energy source. This was not surpris-’
ing since it was found that Isolate #200 eould grew on citrete as the
sole energy source. The ammonium ion present in this compound would
serve as a n1trogen source and there would be an accompany1ng increase
in popu]at1on a. cond1t1on not deS1rab1e in rest1ng cell experiments.
Therefore, FePoq, at 0.4% final concentration, was the preferred
electron acceptor. endﬁused ‘through the work. Higher concentration of
FePOu was not used‘as a precipitate developed in course of the reduction
process v

Temperature: The rates of FeP0O, reduction by Isolate #200 at

~ temperatures ranging from 4° to 60°C with lactate as electron donor are

" shown in Fig. 9. The'ability-of‘the organism to reduce Fe(IIl) increas--

~ed with increase in.temperature up'to 30°. Above 30°, there was a sharp



Fig. 9. Fe(III) reduction by cells of Isolate #200 at different

A\

temperatufes.
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decline in its Fe(III) reduc1ng an111ty, and was almost comp]ete]y |
1nh1b1ted at 60°C. The opt1mum temperature for Fe(III)sreduct1on
corresponded to that of growth (Fig. 10), althougn_under the experi-
‘mental conditions‘employed for Fe(III) redUction'?eécnions there was
no.actompanying increase in‘cell popU]ation. ‘Therefoﬁe, the obsenved
activify at 3ﬁ° cannot be attributed to increased cell number.

The temperature of the crude oil-water system in the\pipe1ine

- ranges from‘7°, in winter, to about 20°C, in summer. Therefore, under

field eonditions, the iron-reducing capability of the organism wou]d:
~ be reduced but not abolished by temperature changes. Consequent]y,

iron-reduction reaction must be eonsidered anAever—going'reaction in
the p1pe11ne system wh1ch carry these organ1sms. |

Eleatron donors This study was undertaken to determ1ne the‘

scope of potent1a1 electron donors for Fe(IIl) reduct1on In1t1a1ﬁ
it was qggerved that ample Fe(III) reduct1on cou]d occur 1n 1nocu1e§ed
produced water w1thout any extraneous supp]y of energy source. Th1s\\\
'iwould indicate that the produced water conta1ned some ava11ab1efenergy
source(s) which served as electron‘denor for the reduction reaction.
Since the crude oilewater system in which #200 occurred contained a

mixed populftion with varied metabollc activities, it was poss1b1e that

end products of their metab011sm could serve as the available’ energy

-

A

sources. Similar obseryat1on was made with respect to the ab111ty of
sulphate reducers to;utilize crude oil. ‘Jobson_et al. (1979) reported
tnat a]though an isolate of Desﬁlfbvibrio Sp- 'from crude. oi] samp]e
~could not uti]lze directly crude o0il as energy source for sulphate
reduction, 1ntermed1ate products of crude oil degradation by oil- |

degraders readily served as electron donors for sulphate reduct1on.
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Fig. 10. Growth of Isolate #200 in Butlin's medium at different

temperatures.

3
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‘ Equimoiariconcentrations (30 umoies/mi) of.e variety of organic
compounds were tésted to determinethe preferred electron donors for
Fe(III) reduction All the compounds tested were able to serve, to
different degrees, as e~ donors for Fe(III) reduction“by Isolate #200
(Tap]e.13)._ InAgenerai, although the three- and four-carbon compoundsb‘
could be utilized, the Hexoses and.disaccharides were most- favoured.
Of the two best ufilized 3-carbon compounds, lactate wasApreferred‘oyer
pyruyate. The utilization of the hexoses and disaccharides was’sion
initially but later increased with prolonged incubation. Although all
tne substrates were suppiiedJat.equimolarAconcentrations, the total
energy available in g]pcose would be at 1east,twice thet of lactate
~ since two molecules of lactate could be produced from-one,ofigiucose.
vThus, the greater amount of Fe(II) produced with the higher molecular |
o sUbstrates (e.g._hexoses) as the electron donors can be_ettributed to
" a greater overall avaiiebie energyx |
A]though<1actate was the preferred’energy source, the concentra- :
| tion at which it was supplied affected Fe(I11) reduction (Fig. 11). At
".Tow concentrations, increase in Fe(III) reduction was observed with |
the rise in the 1eve1'of lactate (sodium lactate) supp]ied;-up‘to a
maximum of 30 umoles/ml of.reaction mixture. At concentrations above
this, lactate was inhibitory to Fe(III) reduction. - In all subsequent
experiments, lactate was the energy source empioyed at the optimum
concentration for Fe(III) reduction

The pH of the incubation medium was_ddjusted to 7.2. This was
chosen because it had earlier been foond that pH range of 7. 2;7:4‘was‘
‘optimum’ for Fe(III) reduction by a simiiar organism (Halasa, personei . e

communication) | | | e
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' TABLE 13. ‘Summary of Fe(III) reduction by isolate:#200 using d1fferent

potential e]ectron donors1 -

Amout of Fe(Il) produced (g/L)

Incubation per1od (hr) -

Electron donor ) ' _j. 3 72
Na-acetate o 003 | 015
Na-succinate = s R 10.03 4 o023
 Ma-citrate B 0l o
Na-tartarate 3 .  9@01' 0.07,
 K-fumarate. : - - (_;;i}f0.0B 0.11
) Na-malate - S v' : i;;  "0,01 - 0.06
CMelactate o o 0.51
Na;pyruvate , | | "~ .11 0.43
b]ucbse.‘, }~ - | - . | 0.01 j 0.42,
Sucrose - | © 000 033
Maltose - ‘j' f_i - . " 0.04 0.41.
Ga1écfose - v.;'_ B o e '0;02 : 0.38
Mannitol 0,24 0.39

L

!Potential electron donors were supplied at the rate of 30 umoles/ml.



Fig. 11. Effect of concentrat&oh ofAelectron_donor (Iéctate) on the

-reduction of Fe(III) by Isolate #200..
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Effect of cell number on Fe(II1) reduction

143.

Aliquots containing 0.1, 0.2; 0;3; 0.5, 1,0MandV2;0fm1 of thef‘
standard washed}cell suspension.(l.o g wet wt/BQ ml buffer) were used to_,
reduce Fe(IIT) (0.4%tFEPOq)? with lactate.(30 umo]es/mT) as the e1ectron
donor. QnevmiliIitre of the standard cell suSpension contained 30x10?,
ce1ls. o | | ; |
| Data shown,in:#ig,_12 show-the.effect of Isolate #200 cell number'l

oane(III) reduction. The total Fe(II) produced'increased Tinearly

(Z.e. constant rate of Fe(III) reduct1on) with 1ncrease in cell number

up to 30x107 cells (equ1va1ent to 1 il of the standard cell suspension);
Above this number of. cells,. the 11near re]at1onsh1p was 1ost and the
rate decreased. The decrease in rate at the h1gh ce]] number was
probably due to the Fe(III) or the electron donor (lactate) 11m1tat1on
Therefore, for all subsequent Fe(III) reduction exper1ments 1nvo191ng
resting ce]ls (washed cells) 1 ml of the standard cell suspens1on was s

emp]oyed Th1s 1s because th1s number of cells gave the ‘greatest: tota]}

N

’ Fe(II) product1on and a]so fell w1th1n ‘the constant reduct1on rate

reg1on

. Effect of storage of washed cells on ferricviron:reductton'

It was not convenient to prepare fresh cell suspension every time

il o needed. It was considered necessary t° i"VQStigafé
. s

;iage at 4°Csand storage med1um on ferric iron- reduc1ng

fell suspensions .

buffers - phosphate and Tris HC] - were employed

“Bata shown iniF:gf 13 show Fe(III) reduction by ce11 susnensions stdred

< . ’ ) H / e




Fig. 12. Effect of cell number on ‘t:h'e reduction of Fe(III) by Iso]a_té
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. buffer.

<D

Fe(III) reduction by Isolate #200.after storage in O.] M
phosphate and 0.1 M Tris-HC1-NaCl' (pH 7.2). Assays were

done with different cell preparations from portions of the

~ same culture, washed with and resuspended in the requisite
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in 0.1 M Th’s-HCl»—NaCl and 0.1 M phosphate (PH 7.2) respectively. In
‘the phosphate buffer, the cells ma1nta1ned an unimpa1red ability to
.reduce Fe(III) during long storage. A s]1ght increase in activity was
observed after 1 day storage. *Suhsequently, the cells maintained an
unchanged ferric iron reducing capability'up to 4 Weeks of storage.
With 1onger storage, a slight 1ncrease in reductive activity was obsery-
ed which was ascribed to a probable increase in cell concentration due
to loss of water by evaporat1on, although the cells were stored 1n
capped 250 ml nalgene bottles.

On.the other.hand, the cells suspended in Tris-HC1 buffer soon
began to lose their ferric iron reducing ability. By the end of 6
weeks of storage a loss of about 65% of the initial act1v1ty was
observed. Therefore Tris-HC1 buffer impaired the cells capab111ty to
reduce ferr1c phosphate on storage The change in v1ab1e cell popul-
ation with storage was not followed, so it was not poss1b1e to ascribe
the 1oss_of activity to cell death in Tris-HC1 buffer. On the basis
of these results, all resting cells were prepared by washing end

resuspending for storage in_phosphate buffer,

The'Physiology of Iron Reduction by Isolate #200

The mechadism of Fe(III) reduction in‘soils was proposed by Kamura
"et al. (1963) as being partly due to d1rect bacterial effect.and
1ndirect1y by the reductive property of exogenous ‘bacterial products
- In determ1nind the existence of such dua1 effects on Fe(III) reduction
- by Isolate #200 it would be necessary to employ culture of the organism
v"in a su1tab1e growth medium. Presumab1y. 1f IsoIate #200 reduced Fe(III)
_because of the formation and secretion of reductive products such

S
/



_ 149,
N ) . . .
products would be expected to accumulate in the culture supernatant

‘with incubation period.

Effect ofnge of Cell Culture on Fe(III) Reduction

The data in Fig. 14 show the time course of férric phosphate
reduction by‘whole culture of different ages and‘washed cells of‘Iso1ate
#200 grownh iQ But]in’s'mediun and by the culture supernatants. Ferric
iron reducfion by the organfsm Was,highest after 14-hour incubation and
decreased with age. No reductive aetivity was observed with the super-
natant fluids. Whole culture %noculum (unwashed) showed a slightly
:better reductive.activity than washed cells. This was probably due to
incomplete recovery of cells after centr1fugat10n at 5910 g for 5 min.
Since washed cell samples were prepared by resuspend1ng pelleted cells
to their or1g1na1 volume, unsedimented cells were lost w1th the super-
natant. - |

A]tnouph the activity of cell suspensions or culiures decreased
.with culture age, there was no accompanying activity in the culture
supernatant.. Therefore; the deerease insceil activity could not be due
- to secretion of the active agent (enzyme) into.the surrounding medium.
Furthermore; there was no difference in the Fe(III)-reducing activities
of washed and unwashed cells. No Fe(III)-reducing activity was present
"in the recovered buffer used in washing cel]s It is, fherefore;
evident that if iron- reduc1ng activ1ty of the cells was assoc1ated with '
the .cell wall, it must be fjrmly attached. . The decline with age_in
~ ferric-reducing activity of the culture_may be‘eXpiained’by a generalv

- decline in physiology with aging: - ~



Y
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Fig; 14. Fe(III) reduction by culture supernatants,hce1ls

~ cultures of Isolate #200 of different ages.

and whole

#
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Effect of Growth Medium on Fe(III)-reducing CapabiTity
of Cells of Isolate #200

fnis‘investigation‘was carried-out with a view to understand some‘
env1ronmenta1 factors that may influence ferr1c iron reduction by the .
organ1sm In nature, the mottled appearance of gley so11 would -
indicate that iron-reducing act1v1ty of soil organisms is discontinous,lj
Factors whicn might be responsible for favoured activities in different.
soil patches inc]ude ava11ability of utilizable energy sources (Takai
et al., 1963) and, of course, the availability of reducible. ferric
compounds (ibid) S1nce 5011 contents of iron and energy sources vary,
it was cons1dered necessary to 1nvest1gate the effects of such varia-
tions on the capab111ty of potential ferric 1ron reduc1ng organ1sms

To carry out ‘this 1nvestigation, it was necessary to grow the
organ1sm in synthetic med1um where the 1ron content could be c1ose1y
controlled, and in rich medium. In order to ensure the dep]et1on‘of/
possibieriron reserve, where necessary; thexcu1ture was passedltnrouon
| the synthetic medium (Appendix 1e) 1ack1ng added iron for two success- =
ive 14-hour 1ncubat1on periods. To. produce 1nocu1um 1n more comp]ex
med1a, Butlin's med1um, ‘with or without added iron, and CqFl medium _
.(m1nera1 salts + yeast extract and nutrvent broth Appendix 1c) were s
employed E | | |

Quantitative as well as. qualitative differences were observed in
the biomass produced 1n the dffferent media Ce]]s grown in iron-free
mdnjmal medium lacked any visible pigmentation; On the other hand,
“cells grown in But]infs”or B;o;nediauéhoﬂedvorangeipignentatiOn;;,Howe._; :

_ever, the pignentation dissociated with cells grown 1n‘C4F1 medium was -
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more intense than those observed in Butlin's or iron- conta1n1ng m1n1ma1
medium, in that order B1omass product1on was h1ghest 1n CyF; and
Teast in iron-free min1ma1 medwum ~In general, comp]ex media favoured
biomass product1on and the absence of added iron was 1n1m1ca] to cel]
growth. Understandab]y, the add1t1on of . nutr1ent broth (D1fco) and/or
yeast extract (D1fco) w1th the1r content of free amino ac1ds and growth |
promoters (1nc1ud1ng Fe) would facilitate cel] growth 1n the comp]ex
media, :

The iron-reducfng.activities of Isolate #200 grown tn different'
media are present in Tab]e tﬁ As can be seen; cells grown in more -
comp]ex media reduced ferric iron faster than those grown in minimal
medium. The 1ron -reducing capability decreased with decrease in
' medium complexity. In addition, growth of the orga ism in iron- conta1n-
’1ng medium enhanced the ferr1c iron- reduc1ng act1 ithof the organ1sm

Supposedly, cel]s grown in comp]ex medium were 1n bettér physio]og1ca1

: A'state than those grown 1n minimal medium.’ Since iro.s a component of
several prote1ns (e.g. cytochrome) 1ts absence 1n a growth medium would
| be expected to- 1im1t the synthes1s of such metaloprote1ns “As a result,
~ there, wou]d be a decrease in the general activity of the cells. Also,
associated w1th ferrlc reduc1ng abi11ty was the 1ntens1ty of pigment- ‘
ation. Cel]s which showed the highest 1ntensity of p1gmentation also
’ showed the greatest ab111ty to reduce -ferric phosphate S1nce many
iron- conta1ning proteins are pigmented, the absence -of such iron- protein ..
molecules might be responsib]e for lack of p1gmentation.observed in
:1ron free growth. - d | |
A much closer Took at the effect of iron- 11m1tat10n on the abiIity
of Iso]ate #200 to reduce Fe(III) to Fe(II) showed 2 marked kinetic
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TABLE 14._‘Fe(III) reduction by cells of isolate~#200 growﬁ in different -

‘media. _

I

Medium -

" Fe(11) produced (mg/1)/3 hr

| fron-fréei%inimél medium
:Iron}positive'minima];medihm
Cgutlin |
G

ri

7.5
21.3
102.5 .

o

161.3

7

Al ce]]é were washed three times in 0.1 M phosphate buffer and

o suspendediin same buffer to a final concentration of 1 g\wt,wet.ce11$ 

- pér 80 ml of buffer.
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differenCe fn the‘redUCtion by iron-starved and_non-limited inocula.
The data in ng. 15 show ferric iron.reduCtion by ce]]s)of'#ZOO grown
under irbn?starved/fron-rich conditions. Cells grown in 1ronfcontaining
synthet1c medium reduced altogether more Fe(III) than those grown in
.synthet1c med1um W1thout added iron An initial ]ag was observed w1th
cells grown in the iron-free medium dur1ng the f1rst hour of 1ncubat1on |
after which Fe(III) reduct1on proceeded at a comparab]e rate as with the 1
1ron-posxt1ve cells. However, when the 1nocu1a were grown in But]ln S - |
»med1um, with or w1thout added 1ron ferr1c iron was reduced with equa]
fac111ty (Fig. 16) and no lag phase was observed in either of the
.1nocu1a S1nce on]y trace amounts of iron occur in yeast extract and
other chem1ca1 components of But11n S med1um, 1t could be 1nferred that‘
only. trace amounts of iron were necessary to abo]1sh the- 1n1t1a] lag |
| period observed with iron- starved cel]s (F1g 15).
The occurrence ‘of the ear]y lag phase in Fe(III) reduct1on observed
i in-iron- starved ce]ls cou]d be the result of several factors (Mande]stam‘
and McQui]len 1973) First, the 1ag cou]d be 1nd1cat1ve of the .
' 1nduct1on of the enzyme(s) necessary for Fe(III) reduct1on Secondly,
it was also poss1b1e that the 1ag def1ned a t1me requ1rement for the
\transport of Fe(III) to the ppropriate s1te for the reduct1on process.
\Transport of Fe(JII) to a r\%uction site would necessarﬂy mean a need
‘ ‘f r transport protein- -permease. Therefore, 1t.q!§ pqésible that the
lag perlod represented an induction period for the ‘synthesis of the
~appr priate permease, as different from a protein that reduces Fe(III)
as men ioned ear]ier Furthermore, another poss1b111ty that the lag
'm1ght :é a resuIt of an gisustment period due’ to change in the physical

; ‘environme (er transfer from Fe-free ’Fe-containing medium), that |
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Fig. 15. Fe(III) reduction by ce1ls of Iso]ate #200 grown in synthet1c

med1um, with 0 without added 1ron
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Fig;fls,‘ Fe(III) reduction bv cells of Isolate #200 qrown in But11n s

med1um, with or without added iron.
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does not involve changes in biochemical activities, should not be
Lot \ ' ’ ) R
discountenanced.

Ferric Iron Reduction by Iron-starved and Non-starved ,d

- Cells in the Presence of Chloramphenicol

Several factors have been suggested as the probab]e cause . of a
lag perlod during Fe(III) reduct]on by iron- starved cells of Isolqte
#200, If however, the observed kinetics of Fe(III) reduct1on by 1ron-‘
starved cells did not 1nv01ve blochemical changes, this kinetics would
not-be:expected to change in the presence of a metabolic inhibitor like
a protein synthesis inhibitor. Contrarily,'the presence of a potent
Ainhibitor of protein synthesis would be expected to marked]y change the
,kinetics of ferric iron reduction, if it was preced(ed by a de novo
synthesis of prote1n To investibate these poss1b111ties, chloramphen-
icol was added to the reaction medium at a final. concentrat1on of 0.3

mg/ml. Chloramphenicol 1nh1b1ts protein synthes1s by preventlng the

i 1nit1ation of protein synthesis.’

‘ The data in Fig., 17 show the effect of ch1oramphen1co] on ferric
1ron reduction of iron starved and non-starved cells The presence of
chloramphenico] inhibi ted Fe(tII) reduction by Isolate #200 whether the

ljorganism had been previous]y starved of 1ron or not. with cells grown

in iron containing medium, about 90% inhibition of Fe(III) reduction

f:nas.obse:vedeat.the_endnof.Jluhoursuefmincubatiene~mAgain, no lag-period

T occurred. When- the cells had been previously starved of 1ron, chloram-

"phentco1 perpetuated the lag phase - The meagre activity observed after
long 1ncubation could be as;ribed to basal activity present origina]ly
irft!fecells. T S T,
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Fig. 17. Fe(III) reduction by cells of Isolate #200 in the presence

‘and absence of chloramphenicol (0.3 Mg/ml). o
Cells were prévious]y grown 1nisynfhetic medium, with or

- without addéd,Fg.'
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The possibi1ity‘that the“decrease in Fe(III) reductionhwas the
result of a decline in the orig1na1 cell popu]at1on due to p0551b1e~
bacteriocidal effect of ch]oramphen1co1 at such a high concentration:
emp]oyed was not supported by data obta1ned. Table 15 shows.the number
of cells in the reaction mixture during the first 6 hours,of reaction -
in thg presence of chToramphenico1 No change in cell number occurred.
Hoy ver, co]on1es of the organ1sm 1ncubated for 11 hours in chloram-
phen1co] had a smaller co]ony diameter. |

Since the ro]e of chloramphenicol was to inhibit de novo synthes1s
of proteins by prevent1ng the initiation of synthes1s of fresh molecules,
it can be concluded that Fe(III) reduction invo]ved the induction of a ,

4 proteln factor which was necessary for the reduct1on process The
synthe51s of this protein was either inducible by iron or that iron was

a necessary component of the funct1ona1 protein. However, the exact
‘nature or roie of‘the”protein factor cannot be.inferred<at this stage.

It could be a transport prote1n (permease) necessary for the transport

of Fe(III) to the appropriate reduction site. Also, the protein factor
could be the enzyme whose specific function is to reduce Fe(III) to

Fe(II) (iron reductase) A third possibility is that ‘of ‘an. fron- prote1n
that partlcipates in electron transport to Fe(III) where Fe(III) acts

as terminal electron acceptor. The associated loss of p1gmentation with
“iron starvat1on might support the possibility that thls protein factor
”WAJS.ﬁ"wiFOH:PfQF@j"mCQHJugaie,_"Hanymironrproteinecompounds~are-co?oured -
and if this iron~protejn‘m01ecu1elis a cytochrome, its absence would be
f}expeeted-to-fmpair eiectron transport'tO“FefIII) and a geﬁéra1'deé1ine .
in physio]ogical actfvities. Peters and Harren (1968) suggested the s
inducibi]1ty of Fe(III) transport protein 1n Buczzzua subttlts.
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TABLE 15. Counts of number of cells of isolate #200 during Fe(III)
reductioﬁ in the presence of chlqramphenico1!
 Incubation : , ‘ - o
time (hr) . R Cell density (x 1076/ml1)
0 B N A
3 P - oo

6 | . 1200

s

ncubation was at 30°C. Counts were made on Tripticase Soy Agar plates

~after 48-hour incubation.
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Suspicion that Fe(III) was an inducer was heighgened by the‘observation

that the need for induction was noticed in:iron-starved cells only.

Reduction of“FeLJIf) by Isolated teii Fractions

En;ymatic activities and ferric iron reduction by shocked cells and

shock fiuids

[ 4

Aikai ine Jhos@étase | activm»of’shock fluid .

It has been demonstrated eariier that ferric iron- reduc1ng enzyme(s)
“was not secreted into the surrounding medium by the Gram-negetive bacter-
‘ 1um,\I501ate #200 However, many enzymatic activities have been associv

| ated with the periplasmic fiuidiof‘many Gramfnegative-bacterie (Heppel,

. ~

1967; Nossal and Heppel, 1966; Bhatti et al., 19765 Malamy and Horecker,

1960). It was in recognitiqn_of thisAFect‘thﬂ;*%hé presence of ferric
iron-reducing’activity was. sought in the peripidsmic fluid. Eecheri#
chia coli C,F; is constitutive for alkaline phosphatase thch 1s known
to be released by osmotic shock (Bhatti et al., 1976). Therefore,
aikaline phOSphatase activities in E cozt chi and’ Isolate #200 were
assayed as marker for the reTease of peripiasmic proteins by the
-organisms ‘

TabTe 16 shows the phosphatase activities of the shock

| levei of phOSphatase activity in E adlt ‘was very high and amounted to

about 27 times that,in Isolatei#zoo The Tow activity obtained in- #200 ’
. shock_ ﬂ%id wou‘]d be due to the *repression of. the enzyme synthesis by
.the presence of sufficient inorganic phosphate (Torriani ‘and RothmanSV“

" w'lQQO) The E. eozt mutantvwas able to produce Targe amounts of the
- ‘ & : R 0 o . :
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,TXBLEII6. A]ka]inerphosphatase activities of shbck fluids.

v . Enzyme activity
‘ . o (enzyme units/mll
Organism ' | - -shock fluid)
Escherichia coli CyFy , ) ’ ’ 9.6
4200 (C4F) medium-grown) 072
© #200 (Butlin's medium-grown) '_ | S 0.68

1 : ] K oo ’ . - ;
One enzyme unit = 1 ‘umole p-n‘t}ropheno] prodUced-per hr
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, : , , e o o
- enzyme,- the presence of inorganic phosphate notwithstanding. However,

| the demdnstration of alkaline phosphatase activity (albeit 1ow) in the

shock fluids clearly indicated that peripiasmic protein was released by

Isoiate #200 in the procedures employed

' Ferric iron reduction-by,shocked cells ~ -

The iron-reducing activities of the osmotically shocked cells and

" shack flutd of Isolate #200 are shown in Fig. 18. This figure depicts

the activities obtained with cells grown in Butlin’s medium, and those

obtained with cells grown in CyF, medium, Nhoie untreated cells reduc-

" ed Fe(III) much’ betteﬂ'than shocked ceiis The osmotic shock resuited
in the 1oss of 30- 40% of the iron-reducing capability of the organism
,washed shocked cells reduced siight]y Tess as much Fe(III) as the

- reconstituted shocked cells (shocked cells p]us.shock fluid). The -

°,\possibiiity was that the decline in ferric jron reduction by shocked ;

: ce]is was the resuit of a partial 1oss of transport protein Such a-i '

| slight difference\obtained_in'their activities might be due to

incompiete recovery of.Ceils during washing or that the shocked fiuid .

' contained a complementary component.

The deciine in the Fe(III) reducing activity of shocked cei]s |
might indicate a possibie ioss of activity to the shock fiuid ~ How- J:
ever, the resu]ts obtained did not support this view. no activity was'\\
found in the shock fluid. It couid be surmised from this observation.

that either there was no Fe(III)-reducing activity (enzymatic) in the"

) peripiasmic space, or that the enzyme. if present had to maintain a

specific conformation which was disrupted by osmotic shock Another

partiai 1oss of a transport protein wouid necessariiy cause 2 deciine B
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in the amount'of.Fe(III) avaiiabie to the organism to reduce. Since
"the reconstitution of. the shocked cells with the peripiasmic (shock)
| fluid d1d improve only slightly the cells’ activ1ty, it suggest d that
'a strigent conformational relationship between the cells and the 1ost

N

material (t e. materia] in the shocked fiuid) was necessary for

‘transport or enzymatic'reduction to occur. Partiai loss of transport ‘-'

.protein by osmotic shock have been observed 1n bacteria Kundig et aZ
‘(1966) reported a reduction in the transport of g]ycbsides in E. coli
by osmotic shock However, the transport activ1ty was subsequentiy
-regained by 1ncubation with the cell extract Also, osmotic shock led
to a part1a1 loss of an E. coli strain to take up severai acids from
solution (Piperno and Oxender, 1966) In SaZmoneZZa typhtmurtuM,

- osmotic shock caused the reiease of su]phate 1ron transport factor
f(Pardee et aZ., 1966) On the other hand Heppe] (1967) noted that a
‘genera] 1ncrease of celi sen51t1v1ty ‘to: adverse environment and deciine
in overaii cell act1v1ty often accompany osmotic shock This decline,
rather than the ioss of specific. faCtor, mi well account for the

| partiai loss of Fe(III)-reducing ability mgosmotic shocking liowever,

the slight increase in activity of the reconstituted shocked ceits has

made the loss of a factor the more likely reason..

Ferric iron“reduction byaopheropiast;preparations

."‘

Spheroplasts are ceii fractions remaining after the cell enveiope ;_'

‘“has been partiaiiy removed by the action of lysozyme It was hoped

7rthat by graddal dissolution of the celi the Tloss of activity with each A

- fractionation procedure wi]l heip identify the cell. component

Initia] attempts at spherop]ast preparations were carried out f' X

- - .

P
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N

. using ce]]s grown in. CuFl medium (minerai saits + yeast extract and

-‘nutrient broth Appendix 1c) and the Tris- HC] buffer system as washing

" and stab11iz1ng medium. No ferric iron reduction occurred with such )

wpe

spheropiast preparation As a resu]t, a fresh attempt was - made using

" cell samples grown in CaFl and Butiin s media, aithough prev1ous w0rk
uhad shown - that greater act1v1ty was present in CqFl grown ceiis A]so,

. because there was no’ act1v1ty in the equiiibrated spherop]asts prepared

prev10usiy, in subsequent preparation the iron-reduc1ng activities at

‘ :to check whether the absence of activ1ty in the final product was due to
"a loss at a particuiar stage of spec1men preparation Again, no ferric
!‘ iron- reducing activity was observed at. a]l stages of spherop]ast &
tpreparation except with the untreated who]e ce]ls So, the treatment
ruw1th iysozyme and EDTA Tris buffer aboiished the ferric iron reduc1ng o
, 'ability of the ceils - -

- In a prev1ous experiment it was reported that whoie ceiis washed :

- and suspended in Tris-HCi buffer soon partiaiiy ]ost their iron- reducing

~the various stages of spherop]ast preparationwerennnitored This was*

Colo

N

capabiiity. It was thought therefbre, that Tris HCT buffer 1mpaired 1,‘;.

the, ceils abi]ity t0 reduce Fe(III) and was probabiy responsib]e for

- the: ioss of activity in. spherop]ast preparations As a result it was

‘considered necessary to substiEute the Tris-HCi buffer with 0.1 M phos-

IS

phate as the washing and the stabi]izing medium The resuits of iron-

= reduction by spheroplasts prepared in the phosphate buffer system is i_f

. tions whether grown in CaFI or. Butiin s were abie to. reduce ferric to

. . . . S Ty
- 8 LT 0

"ferrous compounds._ However, the spheropiast preparations reduced much

o dess Fe(III) than whole ce]ls LosFes of abdﬁt 44 and 60% of the -;

b

I, RPN - . . < " ER *,
feo S B CoArhE
! T e

:compared to that of the whoie cells in Fig 19 Spheroplast prepara- e

t

i
!
!

+
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from Isolate #200.
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activities, compared to the whole ce]is were observed in spheropiasts'
prepared from cells originally grown in C,F; and But]in s media,
respectively When washed and. resuspended in’ stabiiizing sucrose-MgCl,-
phosphate solution, the spheropiasts showed a mugh higher activity than
that obtained'with_unwashed preparations. Either the presence.of
lysozyme and EDTA inhibited the‘activity or that MgCl, enhanced the .
s;herop]ast activity. The latter suggested was a more 1ikely situation.
Nossai‘and ﬁeppel (1956) reported an -increase in viabi]ity.of~treated
cells in the presence of Mg2'. ' ’

Phase contract microscopy revea]ed that the spheroplast prepara—
tion contained cells which had assumed various shapes. There was no !
obv1ousspherica1 spherop]asts as-would be expected in‘iysozyme treat-
ment of sensitive Gram-positive bacteria (protoplasts). Some of the
cells still maintained their regu]ar‘shapes and no obvious change was‘
noticeabie However there was a tendency of the treated cei]s to
ciump ObViousiy this ciumping tendency- 1nd1cated that the 1ysozymm
treatment had wrought some change™~in the cell envelope. Dilution (1:10)
of the lysozyme-treated cells in-distilled water yielded only 14.3%
decrease in optical density compared to untreated cells. Thus, about
14% of the ce]i popuiation was modified enough to make them osmoticaiiy‘
fragile It was p0551b1e, therefore, that ]ysozyme treatment was
effectiwe only on a‘fraction of the original celi}population If this
.were so, then the ferric 1ron reduction observed would be due, in part
or whoiiy, to the activ1ty of the unmodified cells Direct p]ating of
-the lysozyme- treated cells resulted in very profuse growth on PCA
plates after 48-hour incubation at 30°c. However, the proportion of

the viable cells. présent in the preparation before and after the eniymef

& on

4
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treatment was not determined. Since spheropiasts are capable of |
regenerating the lost cell wall and growing when transferred to 1yso-
zyme free medium, it was not p0551b1e to ascribe the growth only to
unaffected cells. The tendency to clump and the fact that spherop]asts
maintain, at least, part of their cell wall made it difficult to
separate affected and unaffected ceHs by cer’ifugation or delineate
them morpho]ogically Since the exposure of lysozyme-EDTA- treated

cells to Tris-HCi\buffer led to a complete loss of iron-reducing
activity,.but on]y}partiaily so with whole cells, it must be concTuded
that the lysozyme-EDTA treatment actually affected and.modified all the
cells. So the treated cells were susceptible to the deleterious Tris-
HC1 effect because the cell wall was impaired. Therefore;‘the reduction
of ferric iron as observed in this experiment must be due to the |

spherop]asts and not JUSt the unaffecbed cel]s H

Ferric iron reduction by membrane ve51c1e ' ‘ ' -

The reduction of ferric iron by membrane vesicle prepared,by lysis
of spheropiasts in MgC}é-so]ution closely resembled that obtained with
the spherop]asts. The vesicles prepared in Tris-HQ] buffer system fail-
- ed to reduce Fe(III). when however; preparations were made in phos-
phate buffer system, an apparent activity was observed (Fig 20). This
actjvity was lost when the final preparation‘was centrifuged at 3000 g
for 5 min; This treatment was enough to sediment contaminating whole
or uniysed cells while leaving‘the vesicle still in suspension. Plat-
ing a loopful of™the initial vesicle preparation (before centrifugation)
'on Bio medium gave rise to growth of coionial types characteristic of

Isolate #200. Therefore, the membrane preparation lacked ferric °



F1g 20. Fe(Ill) reduct1on by whole cells and membrane (vesicle)
preparat1ons from Isolate #200. Centr1fugat1on of the vesicle

preparat1on was.at 3000 g x 5 min.
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iron-reducing activity‘and appeared to aéfsd only becausé'the'initial l
preparation waS'contaminated-with unlysed cells'(spheroplasts) ln‘an
independent work no ferric iron- reduc1ng activity was associated w1th
membrane preparations from a 51m1lar organism (Halasa, personal
ncommunication). This observation differs from that of Lascelles and
-vBurkef(l978) who reported Fe(III) reduction by membrane.preparations‘

from Staphylococcus aureus.

Ferric iron reduction by cytoplasmic content

The cytoplasmic content of Isolate #200 prepared by ly51s of the
spheroplasts lacked ahy ferric iron- reducing act1v1ty / -

Ferric jron reduction by cell envelopekpreparation

‘

The reduction of Fe(III) by cell envelope preparations compared
_ to untreated cells is shown in Fig. 21. Omly about 5% of the original

cell activity was obtained with cell enve]ope preparation ThlS

activity, 1n51gn1ficant when compared to whole cell suspen51on would

'1nd1cate that cell envelope preparation of this. organism d1d not contain‘

the functional 1ron reducing system. ThlS view was supported by the R

observation that plating the cell envelope preparation revealed the .
_ existence of v1able cells “Several attempts by low speed centrifuga-
tion of the resuspended preparation failed to yield a produce dev01d of
contaminating cells (v1able cells) It was’ possible, therefore, that
the low activity present in the cell envelope preparation was actually
due to a small number of contaminating whole cells

The above conclusion presupposed that all the starting cell

material was wholly converted to the envelope and that there was no o

JLCT

sl
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Fig. 21. Fe(III) reduction by whole cells and cell envelope

preparation from Isolate #200.
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.

' 1oss of mater1a] 1n course of the preparatlon process ThlS was not
]1ke1y to be so. The 1n1t1a1 d1fferent1a1 centrifugation at 3020 gd’"
~ for 5 min yielded a pel]et which was definitely unbroken cells. So,

on]y a fract1on of the start1ng c%l] suspens1on yﬁe]ds the cel]

envelope preparation used in the Fe(III) reduction reaction. Thus; the

comparatively low activity associated w1th the‘envelope preparation
code be dUe to the very small portionfof the original starting

Vad

mater1a1 that was actua]]y present in the f1na1 preparat1on The
prob]em of the- iron reduc1ng ability of ce]] enve1ope p:eparat1ons 'was
compounded by the presence of the contam1nat1ng cel]s wh1ch could not
be gotten rid of desp1te repeated low speed cehtrIfugat1ons It was
l-‘not poss1b1e, therefore, to ascr1be exc]us1ve1y and unequ1voca11y the
observed activity:to either the,contam1nat1ng cells or to the cell
enve]ope which represented only a fraction of materia] present in the
- starting material. | | -

| In the\case .of the isolated membranes, it was possibie»to‘conc1ude
that no actlvity res1ded in the product. Although .the loss of cell-
: mater1a1 in the course of mater1a] preparation could account for a case
of low act1v1ty when compared to whole cells, 1t could not exp1a1n the
absence of any activity when the membrane preparat1on was free of the
‘contaminating cells. If the membrane preparat1ons from Isolate #200
-were'actually effectiueiin'Fe(III) reduction a small activity‘would
, necessarily be present in the preparat1ons, the loss of mater1a1 durwng
vthe preparative steps notw1thstanding The problem of arriv1ng‘at any
conclusion from this work regard1ng-the'ability of ce11‘enVeIope o
(membrane p]us cell wall) to reduce ferric iron has been mentioned

earlier. The work of Tano and Lundgren (1978) showed that considerab1e

\
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enzymatic activity might be present @ the bacterial cell envelope.

Relationship Between Cytochrome Content and Fe(III):reducing‘h‘>‘
Ability of the Cells

It was observed that cells whjch showed7deeper Orange.colorationAf
(probab]y due to pigment formations) reduced more fe(III) than the
cells which 1acked or showed']itt]e of'euCh coloration The poss1b1]-'
1ty that the coloration was due to the cytochrome content was also
suggested. - However, any such relat1onsh1p between cytochrome content
‘and the ab1]1ty of the:cells to reduce Fe(III) may be 1nd1cated by
actua]ly demonstrat1ng that the cells wh1ch showed much deeper color-
ation (and reduced greater amount of Fe(III)) did indeed contain more o
cytochromes (qua11tat1vely and/or quant1tat1ve1y) ’ B f

A]though the spectra] character1st1cs of‘dyfferent cytochromes -
may over1ap and make them dlff1cu1t to d1fferent1ate, the d1fferent
components may have d1fferent absorpt1on max1ma at different wave-
lengths dependlng on whether the cytochromes are in the .oxidized or
reduced state. Moreover, 1n the reduced or ox1d1zed cond11ton
d1fferent1a1‘:eact1v1ty with certaln re;p1ratory 1nh1b1tors 11ke :
carbon monoxide, could cause spectral Shlfts, or the abo]1t1on of
certain absorption. peaks wh11e at the same time 1ncreasing the
: absorbance of. other components Such d1fferent1a1 react1y1ty and
vabsorptlon characterist1cs among the d1fferent cytochromes coqu be

used to different1ate between the different cytochromes and 1dent1fy

thexr presence (Ke1l1n and Hartree, 1939) f»-, y Ty
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-

Absorption Spectra ofdquhed Whole Ce]ls.of Iso]éte #200

-

Absolute abSorption‘soeCtra,of the cells

~ N

The absoTute absorption spectra of washed ce11s of Isolate #ZOQ fu
are shown ‘in Figs. 22, 23 and 24. .The data in-Fie: 22 show the ;
absorption spectra of untreated whole cells, while-Figs 23 and 24
- show the absolute gbsorption’of whole cells oxidized and reduced
respect1ve1y “As is evident from Figs. 22 and 23, the ce]]s grown 1n
the rich medium (CtFl.med1um) also sho;ed the greatestttotal absorpt1on4
especially-in the soret band.” The Soret band is the cheracteristfc'"',-
absorption of tetrapyrroie in the regionvoft400?55ulnm._ Cells grown in’
the synthetic}medium,lecking added iron showed the least absorption.‘
In the reduced state,'the‘ceils_grOWn in €,F, medium (C4F, medium,
~spectrum;]) showed three prominent.peaks at éSZ'nm,}SZZ\nm end‘one et:
42 nmiat the SOretxregion. These absorption peaks are charactgristic
of cys chrone.type C. No-such'aosorption Maxima were evident in the
' ce]]s grown 1n the synthet1c med1um, with or w1thout added iron (F1g

i

24, spectra 2 and 3, respect1ve1y)

S .‘"

[

Reduced-minusngidizedispectia

w

: v

The reduced -minus- ox1d1zed d1fference spectra for Iso]ate #200
grown in different media are shdwn 1n F1g. 25, These spectra contawned
 prominent peaks at 552 510 530 and 420 nm. Howevq\ ‘these . peq§s were
observed only in cel]s grown in the r1ch CuFl medium (F1g 25 Spectrum
'1) and in synthetic med1um containing iron (Fig. 25-‘ ctrum 3).
."CeIIS grown 1n the synthetic med1um lacking iron (Fig. 25 spectrum 2)

did not absorb within the range of wavelengths‘employed; IEKNEn be -

% . ' | ) ‘ . . . b .



Fig. 22. Absolute absorption spectra of untreated cells of Isolate

#200. ‘
Cell concentration = 0.25 g'wetiwt‘/BO ml buffer.
1, CQEI grown cells 2 cells grown in synthetic medium +

| iron, 3, cells grown in synthet1c medium without added 1ron

' ksl
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Fig. 24. Absolute absorption spectra’of reduced whole tells of Isolate
#200. '
1, C4F; grown cells; 2, ce]]s grown in synthetic medium +

iron; 3, cells grown in synthetic medium without added iron.
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Fig. 25.

Reduced minus oxidized cytochrome difference spectra of céTls
o 3

of Isolate #200. - ; ‘ i

1, cells grown in CyF; medium; 2, cells grown in synthetiéx

medium without added iron; 3, .cells grown in synthétic medium

+ iron. ' ‘ : : ‘



191.

| ...J. .
0oL _ _ e WY .

: i
/ | | .\
U / i
ST ‘
| \ CLCAUNv
- w— 000 .
.|IIII-I‘I\I\ h.. ,
e ¢ A M
. lnlu-_llinlinlulllnllllu ECONv
. IIlll‘lllll.nl,nIll&Ill ~

an® ans
-
- e

[

mocmn_omn<mo.AM L



T o#

192,

inferred, therefore, that iron starvation preyented the synthesis of‘
the absorbing substance(s) in Isolate #200 and would indicate that
iron was necéssary For the synthesis of'such component(S)

| Although the absorption peaks far CuFl grown and the synthet1c
medium-plus-iron- -grown ce]]s were genera]]y s1m11ar, some qua11tat1ve
~as well as quantltatlve differences .occurred. The cells grown in r1ch
medium (CyF;) conta1ned absorption peaks 10 times h1gher than those
grown in the synthet1c medla Thus, there was a greater synthes1s of
“the colour 1mpart1ng substance(s) in rich than in the synthet1c med1a
This result was 1in accordance with what was observed v1sua11y and
further supported by the absolute absorption spectra obtained w1th
untreated cells (Fig. 22), ox1d1zed ce]]s (Fig. 23) and reduced cells
(F1g 24) Two shoulders of absorptlon (Fig. 25, spectrum 1) occurred
in 510-530 nm range in the C,F;-grown cells but were absent in ce1ls
grown 1n the synthet]c media. Thus, wh1le cells grown in synthet1c-
plus- 1ron med1um showed a s1ngle peak at 522 nm, three peaks at 510,
522 and 530 nm were observed Jdn CqFl grown ce]ls

The predom1nance of absorpt1on peaks of reduced m1nus-ox1dized

spectra (Fig. 25, spectrum 1) 1n the reg1on of 522 552 and 420 nm
would indicate the presence of C- type cytochrome A similar; absorpt1on
pattern in Desulfbvtbrto sp. "was’ cons1dered character1st1c of C type '
cytochrome by Postgate and Campbell (1966) and Jones (1972) The-
presence of absorpt1on shoulders around 522 >nm in CuFl grown cells
.probably indicated that mare than one form of cytochrome C was e]abbr-
ated under the cu]tura] cond1t1oh or due to over]ap of absorpt1on by
| cytochrome b (Stan1er et al., 1966). On the other hand, the broad
peak in the reg1on of 570 670 nm, if real, might indicate the presence '
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of a-type cytochrome, too. o

S -
e

t ) ) . : ' \
Carbon Monoxide-reacted DifferenCe Spectra

‘Reduced-plus-carbon monoxide minus reduced difference spectra -

\
v\ . ) \

The difference spectra between carbon monoxide- treated reduced
cells and reduced cells of Isolate #200 are shown in Fig. 2. 'The'
~ spectra obtained with C“Fl grown cells were. s1m11ar to those obta1ned
with ceT]s grown in synthetic med1um conta1n1ng iron, except that_thel
absorption peaks were higher in cells grown~in the more complex medium.
No aboorption peaks“or troughs were evident}with cells grown in the
synthetic‘medium that lacked iron. The’observed absorption maxima at
410, 537 and 567 nm and minima at 425, 522 and 552 nm- corresponded to
j those reported as\Zarbon mgnox1de reactab]e C- type cytochrome in |

Desulfovtbmo gzgas NCIB 9332 by Jones (1972), Desulfombrw africanus
(Jones, 1971) and Stanier et al. (1966) for Peeudomonas Spp.

5

Reduced-plus-carbon monoxide minus oxidized difference spectrh

- No absorpt1on peaks or troughs were observed with ce1ls grown in _f
jron-free synthet1c med1um (F1g. 27, spectrum 2). w.th ce]]s grown in
CQFI medium prominent peaks occurregéat;522, 530'and‘5584nm (Fig. 19,
':Spectrum 2), whiTe'avbroad absorption peak:occurred in the region of
620-650 nm, with maximun?atfsss Only a single'peak at 558 -nm was -
evident in cel]s grown in the iron- conta1n1ng synthet1c med1um (F1g
’27 spectrum 3) Absorpt1ons at 558 nm and 530 nm are coﬁEidered
’. characterlst1c of b-type cytochrome and have been spec1f1ca11y observ-

"ed in P. maltophzlza (Stanier et al., 1966), while that at 638 nm
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V’Fig. 26.  'Reduced p]us co m1nus reduced cytochrome d1fference spectra
of cells of Iso]ate #200. - ,

1, cells grown in synthetic med1um without added iron; 2,

cells grown in CqFl med1um, 3, cells grown in synthet1c medium

£
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Fig. 27. Reduced plus €0 minus oxidized éytochrome dif'fe'rence_ spectra "
of cells of Isolate #200. |
1‘,, Cl,Fl medum-grown cé]'lsv; 2, cells growh in synthetic
mediu.m-rwi.thout added iron; 3,  cells grown in syﬁtheéic medi um

“+ jron. - I v
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_ 198.
has been associated with cytochrome a; in Azotobacter sp. (white and
Sinclair, 1971). = ¢ |
| ~ Evidence obtained from.these studies on the cytochrome spectji of

Isolate #200 indicated that this organism was capable of elaboratihg a

‘variety ofkcytochromes However this capability was affected by
medium composition and 1nh1bited to non- detectable levels by the
absence of iron a component of the mo]ecu]e. The wide variation. in
cytochrome compOSition in response to different growth conditions had
- been pointed out by White (1962). | '
' An attempt has been made to identify the reported absorption peaks
The 1dentity of Isolate #200 1s not yet known - w1th certainty,. so the -
observed spectra could not be compared directiy With any prev1ousiy
'observed in the same organism. Because of this, the ﬁdentity of the
peaks were 1nferred from work published on other organisms espec1a11y
Deaulfbvtbrto spp., Azotobacter spp., -and Pseudomonas spp. Con51der—

able overiap of spectra of components of bacterial cytochrome system

s known to occur. For examp]e,'absorption maximum at 560 nm tradition-

‘ally a551gned to cytochrome b s known to be complicated by contribution ‘,'

by cytochrome 0, and a 25% contribution has been reported by White and :

| Sinclair (1971). | B
The Significance of the resuit on cytochrome spectra studies is

not on the: identification of the various components but in the | i

,demonstration of the existence of such different components and their f'

differences in ceiis grown under various conditions Associated with

| the observed variations in cytochrome'composition was the abi]ity of

the ce]ls to reduce ferric iron Thus the CqFl grown cei]s which had

.the greatest amounts and variety of components had the highest capacity



‘ ‘S1nce the cytochromes are known to be 1nvolved in electron transport,

PR
“to reduce'ferrit iron On the other hand, cells g?own in 1ron free |
medium, with the1r nén detectable cytochrome: content exh1b1ted very
Tow 1n1t1al Fe(III)- reduc1ng ability. . It can, therefore, be inferred i
that a d1rect relat1onsh1p ex1sts between the cells' cytochrome contentw'v

and thekgapac1ty to reduce ferr1c iron.

Reduction of Ferr1c Iron in the Presence of Electron

Transport Inh1b1tors

o l,
A relatlonsh1p between ferric 1ron reduct1on and cytochrome
compos1t1on was suggested by results obtalned in spectral studies.
"
stud1es w1th spec1f1c electron 1nhib1tors would confirm the 1nvolvement
-
or otherw1se of electron transfer by way of cytochromes to’ Fe(III)
For these stud1es 2-n-heptyl-4- hydroxyqu1nol1ne N- ox1de (HQNO), sodium

amytal, sodium oxalate, carbon monox1de and sod1um cyan1de whose

| spec1f1c1t1es of electron transfer inh1b1t1on have been reported (Co

xet al. l970 Konlngs, 1977 Lascelles and Burke l978) -were tested as v'
i:, potent1al 1nh1b1tors of Fe(IIl) reduction | . ‘
| ) The -data shown in-Fig. 28 1ndicate the effect of oxalate -on Fe(III) |
:reduction by Isolate #200 Oxalateadid not 1nhybit ferr1c 1ron - |

o reduction and at h1gher concentration appeared to increase it. Sodium

»oxalate was | reported to. be a specifiq 1nhib1tor of D-lactate dehydro-
genase 1n E. coli (Konings, l977) and was shown to 1nh1b1t ferric iron -
, reduction 1n membrane preparations from Staphylococcue aureus (Lascell-
es and Burke, l978) It . 1s evident from the esult obtafned that the*
nlactate dehydrogenase of Isolate #200 was hot 1nhib1ted by oxalate.”

- ,lndeed oxalate alone could serve as an electron donor albeit poorly, .

4
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_Fig; 28; Effect of sodium oxalate on
L f§o1ate #200.
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for Fe(III) reduction.

Sodium amytal, HQNO and cyanide individually inhibited thgvneduc-'
tion of Fe(III) (Fig. 29). The degnee of inhibiiion howeVer,xd{ffered
_ marked]y‘with'these inhibifors After 9 hr of incubation, sod1um amytal
“inhibited Fe(III) reduct1on by 9%; HQNO 30% and sodium cyanide, 49%.
HQNO inhibits electron transport from cytochrome b, Tnus, the inhibit-
ory effect of HQNO indicated the participation of cytochnome b in the
transfer of electrons to Fe(III). Sodium anytal is reported to inhibit
electron fransfer to Cytoéhnomenb (Cox et al., 1970), qnd in E, éoZi
the location of amyta]-sensitivg site in the respinatory chain was in
the flavin group between D-]actate dehydrogenase’and cytochrome b
(Konings, 1977). The poor inhibitory activity of sodium amytal and the
absence of any inhibition with.oxaiate might indicate that:;1ectron ‘
- transfer to Fe(III) is branched at thé point.of 1actéte dehydrogenase
activity. It is also'possible that tné lactate dehydrogenase system of
Isolate #200 is inately insensitive to thesé compounds. Lasce1]es and
Burke- (1978) reported that oxalate inhibited Fe(III) reduction by
membrane preparat1on from S. aureus, but HQNO did not but actual]y

st )
appeared to increase jiron reduct1on This observation is cpntrary to
what was observed inMhole cells of Iso]afe #200. Assuming that
‘ membrane preparations respondiin'a*simi1ar mannér'as the whole EeJ]s
from which they were derived, then s. aureus, as reported by Lascelles
and Burke (]978) must have a (pattern: of electron transfer for Fe(III)
reduction) mechan1sm of Fe(III) reduct16n fundamentally different from |
what was obtained in Iso]ate #200. Such d1fference§ are consistent -

with Fig. 30 intended to explain the difference in the é]ectron transfer

pathways in the two organisms. o



y . - N , - : , k |
Fig. 29. Effect ot electron transport inhibitors on Fe(III) reduction

by Iso]afe #200.
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'Fig. 30.

Scheme exp1a1n1ng the dwfference in e transport and

. reduct1on of Fe(III) in Staphylococcus aureus (Lasce]]es

L and Burke, 1978) and 1n Isolate #200. Th1s scheme is based

on the resu]t of . effect of e transport inh1b1tors on Fe(III)_

reduction.
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The decrease in Fe(III) reduction dn Isolate #ZOO-With carbon
monoxide'treatment Was markedly jnfluenced by the growth conditions
(F1g 31) Cel]s grown under conditions that favour cytochromes
syntheses were 1ntense1y 1nhib1ted by carbon monox1de in the1r iron-
reduc1ng capab1]1ty When grown in C,F, medium or synthetic med1um
plus iron, cultures. were 1nh1b1ted 52-56%. In contrast, only 30%
‘1nh1b1t1on was - reg1stered with cells grown under cond1t1ons of iron
starvation. Under this condition, the cells synthes1zed non-detectable
levels of cytochromes..’with cells grown in synthettc medium lackfﬁg;
iron, ’caroon monoxide inhibition‘was 1ow5probab1y because’the cytochrpne
Vcontent was a]so very low. Slnce carbon monox1de blocks electron o
transfer at the term1na1 step of electron transport chain, the 1nh1b1-

tion of Fe(III) reduct1on by th1s compound is a conc]u51ve evidence of

~the role of Fe(III) as a term1na1 e]ectron acceptor from the cytochromes

" Reduction of ferric iron in the presence of potentia1 e]ectron acceptgrs

’It was proposed (Ottow, ]970) that in Aerobacter aerogenes Or other = -

~nitratase- pos1t1ve bacter1a 'NO3~ might serve as an a]ternat1ve e]ectron
| ‘acceptor during the reduct1on of Fe(III) Th1s proposa] was put forward
- to exp1a1n the dec]1ne in Fe(III) reduct1on in: the presence of N03 .

. Because of this observat1on, it was necessary to 1nvest1gate the effect}
,of the other potent1a1 e1ectron acceptors (organ1c and 1norgan1c) on
Fe(III) reduction Such an 1nvestigat1on wou]d help determlne whether
1nh1b1t10n of Fe(III) reduction is spec1f1c to N03 ora connnn_pheno-..

| menon in the presence of potent1a1 e1ectron acceptors



i

Fig. 31. Effect of CO treatment of cells of Isolate #200 on Fe(III)

- reduction. Chloramphenicol (CAP) concenAtra'tio'n = 0.3 mg/ml. -

o
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Organic potential electron acceptors

Three redox dyes and fumarate were chosen for th1s 1nvest1gat1on
Methy]ene blue, 1ndochlorophenol and phenaz1ne methosu]phate chosen
because of their non-toxicity were used in the1r‘ox1d1zed state55 In
this conditidn, these redox dyes can dn1y function aslelectron accept-
ors, not donors as would be the case 1f they were used in their reduced
states. The use of fumarate as .an electron acceptor in some bacter1a

was demonstrated by M111er and Waker1ey (1966). /
The data in Fig. 32 show that all the redox dyes 1nh1b1ted Fe(III)
reduct1on The degree of 1nh1b1t10n var1ed however with phenaz1ne- )
methosulphate, 1ndoch10rophen01 and methylene b1ue be1ng effect1ve, in
that order. Fumarate, on the other hand, 1ncreased/Fe(III) reduction.
',There was a dec11ne after 3 hr, the cause of this dec11ne is not known.l
C;;%umarate alone can be used as an e]ectron source/for Fe(III) reduction
by Isolate #200. So': -the favourab]e effect of ﬁﬁmarate wou]d possibly

: be due to the ab111ty of the organ1sm to ut1112e fumarate in add1t1on

“to the primary electron ‘donor (1actate) for/Fe(III) reduction.

- Inorganic botential electron acceptoré //
" /

The influence of 1norgan1c compounds capab]e of accept1ng electrons
(z e. - being reduced) is shown in Fig 33. Permanganate sulph1te,
thiosulphate and d1chromate a]] affected detr1menta11y the abil1ty of.
Isolate #200 to reduce Fe(II) to Fe(III) No Fe(II) was produced in the‘
presence of dichromate On the other hand,,reduction of Fe(III) 1n}the
presence'qf_permanganatefstarted’on]} after prclonged incUbation;~-0nce:

'started, Fe(III) reduction was fastdand proceeded at a rate (slcpe bf.



.- Fig. 32. Effect of potantfé] organic e- acceptors on Fe(III) reduction.
_(The e  acceptors were in their oxidized states ) e
- Each potent1a1 e acceptor supp11ed at the concentrat1on of

1 umole/ml.
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curve) comparable to that obtained in the presence of ce1]s,on1y’

(control). -During the incubation the violet colour of the solution.

dsappeared. In a more detailed study (fig. 33) the relationship between

; the disappearance of KMnO, and;Fe(III) reduction was explored. It was

found\that'MnOQ' was reduced first before Fe(II1). Isolate #200 was
found capab]e of reducing KMnOa, albeit s]ower, in the absence of any
added Fe(III) Sod1um sulphite 1nh1b1ted Fe(III) reduct1on more ‘than

sodlum th1osu1phate and the effect of th1osu1phate was not1ceab1y smal]

After about 7 hr 1ncubat1on when sulphide was be1ng produced in the
' 5203 '-conta1n1ng med1um, the amount of Fe(II) produced~1ngreased. This

-was due to an add1t1ona1 reduction of Fe(III) bv the $2” ‘produced.

Ch]orate (C103 ) and nitrate did not adverse]y affect: Fe(III)

o reduct1on until after 3 hr incubation. The effect,of N03 vwas remark- -

3"vab1e N1th1n the first hour of 1ncubat1on more Fe(II) ‘was actua]ly

produced in the presence than the absence of N03 (z e. cells on]y)

This observatlon was unexpected since many workers had reported on]y an

-inhib1t1on (Ottow, 1970 Lascel]es and Burke, 197§ Kamura ‘et aZ
' _1973) After 1ncubat1ng for 7 hr the amount of Fe(II) in so]ut1on

, decllned and appeared to have been removed from the reactIon mixture.

It was apparent that al] the potent1a1 e]ectron acceptors (except

| ffumarate) tested were u]tlmate1y ab]e to decrease Fe(II) produced A
~compared to the contro] The effect of C103 was observed after 3 hr
,incubation This observatlon was cons1stent with the report of
'Southamer (1967) that chlorlte (C102 )s the reduction product of C103 .

‘inh1b1ted bacter1al action Presumably, inh1b1tory concentrat1on of

c102 was not formed until after 3 hr incubation On the other hand

R
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Y the decline in Fe(II) concentration in the presence of N03 could not be o
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Fig. 33. Effect of potent1a1 1norgan1c e]ectron acceptors on. Fe(III)
“ reduction by Iso]ate #200. ‘h ‘ » |

“Each potentia] e acceptor was supp11ed at”/?e rate of |

10 umoles/ml except Mnoq (5 umo]es/m])
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Fig. 34. Relationship between KMnO, disappearance and Fe(III)
| reduction by Isolate #200. -
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adequately explained by the inhibition theoryj Mere inhibition of the

reductidn process would be expected to leave Fe(II) a]ready produced in
the react1on mixture constant, and not decline (or appear to be removed
from the so]ut1on) as was the case in F1g “33. Therefore, armechan1sm
other than 1nh1b1t1on of the bacterial reduction process should be
éooght to explain the NO3~ effect. Dichromate.and perménganate are
'very strong‘0xidizing agents and, therefore, will show a strong tendency
to ECCept electrons (Z.e. to be reduced) These compounds equally show-
ed- the greatest 1nh1b1tory effect on Fe(III) reduction. In view of. this,
there appeared to be a preferentia]»channelling of electrons to the more
“oxidizing inhibitors. Hence their inhibitory effect. The observation
“that no Fe(III).Wes reduced until all of KMnO, was reduced first
enhanced this view. However, the interpretation of Mn0, " effect could
be compounded by ‘the fact that Mn0, " can be reduced by Fe(II) alone.
If this situation is obtained, then the'Mnon' effect cen be interpreted
thus: Isolate #200 reduced Fe(III) to Fe(II) which in turn reduced
Mn0,” according to the fo]]owinglreaction: . : ‘ | ﬂ'

MnO,” + 8H' + 5Fe(II) = SFe(III) + Mn(II) + 4H,0
.Thie situation, a1th0ugh-ft could arise, was by no means exclusive-since
the organism cou]d'reduce MnO, even when Fe(III) was not present. ;;yﬁ
th1s work, it was ev1dent that other potent1a1 e1ectron acceptors colld
’decrease Fe(III) reduction and so the effect of NO3~ could not be

cons1dered specific

Reduction of Ferric Iron in the Presence of Nitrate .

In the preliminary experiment on the effect of potential electron

acceptors on Fe(III) reduction, it was- observed that the production of

VRN
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Fe(II) by the organism was greater in the Presence than in the absence

of nitrate after an hour 1ncubat1on - This was contrary to reports in

the literature (Ottow, 1968, 1970; Ponnamperuma and Castro, 1964 Kamura"

et al., 1973) where NO3~ has been sa1d to inhibit Fe(III) reductlon
However formation of Fe(II) 1in the nitrate- conta1n1ng med1um was 1ower

than in nitrate-free med1um only after prolonged incubation.

Effeqt of nitrate on ferric iron reduction

The effect of different concentrat1ons of N03 on Fe(II) production
is presented in Fig. 35. More Fe(II) was produced eventually in the
- absence of nitrate than in its presence Formations of Fe(II) and'NOZ;
(Fig. 35) were s1mu1tane0us no one process was abolished in preference
to the other. It was also noted that the slopes of graphs of Fe(III)
.and NO,~ product1ons d1ffered show1ng that these processes were
‘progress1ng at different rates. For re]atzvely short react1on t1mes

(up to- at 1east 1 hr) the presence of N03',1ncreased the capac1ty of

: _the ce]]s to reduce Fe(IIl) to Fe(II) Dur1ng the first hour of

1ncubat1on more Fe(Il) was produced with 1ncrease in concentration
of NO;™. The increase in the amount of Fe(II) produced was statist1c-
ally s1gn1ficant (99.5% confidence 1imit) regardless of the concentra—
- tion of NO;~ emp]oyed when compared w1th the amount of Fe(II) produced
in the absence of NO3”. ' _
| At lower concentrations of N03 , NOZ product10n (Fig. 35) was not
sustained on prolonged incubatlon but started to decrease after an
ear]y peak. Contrary to this observation NOz product1on at h1gh N03
»concentration rose contlnually throughout the incubation time. ‘It was

observed that the early peaking and subsequent decrease in measurable -

Y
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Fig. 35. Fe(III) reductjon and N0, formation in the presence of

various concentrations of NO3 T,
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N0, at the Tower N03 concentrations were accompan1ed by the recoveif
of Fe(II) productlon of the culture. Under this condition, the y1e1d£
of Fe(II) tended towards those obtained in the absence of»Nos'. 'Howe
-ever, a sustatned decrease;in“meaSUrab]e Fe(II),wasnobserued at‘high
NO;~ concentrat1on where a sustained NO, . production was equa11y observ-
ed) Thus, the decrease in Fe(II) product1on was associated w1th
increased N02"product1on Ina separate exper1ment no nitrous 0X1de
‘ (N,0) was- detected by gas- 11qu1d chromatography at this t1me, it took
up to 5 days for small amounts of N,0 to be formed. The decrease in
measured N02 , therefore, could not be attributed to den1tr1f1cat1onl

- but probab]y to a chemical process which ut111zed the ava11ab1e NO, .

Reduction of ferric ironhby nitrate.reductase-induced cells

- Nitrate reductase was 1nduced in the 1nocu1um when incubated
anaeroblcally in the presence of NO;~ (Fig. 36a). -Pre—1nduced cells
showed 1mmed1ate formation of NO,” in the. presence of NO5™, where -
vun1nduced ce]]s showed a 1ag per1od which was required for the 1nduc—

tion of n1tratase Induced ce]]s produced more N02 than- uninduced

" cells at any one time dur1ng the 1ncubat10n (Fig. 36a) On the other

hand, n1tratase -pre-induced cells produced much 1ess Fe(II) in the
presence of NO3 than the un1nduced cells, except dur1ng‘the first hour
xv of 1ncubation (F1g 36). Low amounts of assayab1e Fe(II) was again
associated w1th the ab111ty of culture to produce and accumulate NO,~

in the reaction medium When no NO3 was" added to the culture, pre=:
1nduced ce]ls produced more Fe(II) than uninduced cel]s Th1s observa-h
tion could be due to a better general physio]ogica] state of pre 1nduced _'“

cells compared to un1nduced ones. - co ‘ .

g

e
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Fig. 36. Fe(III)’reduction and NO,~ formation by nitrate-reduétase-

' preindUced.ahd‘Uninduced cells of Isolate #200 in the presenée/

~ absence of N03-.
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Ferric iron reduction in the presence of HQNO and nitrate

ghe effect of N03 alone, and NO5~ plus HQNO on Fe(II) formation

and N0, production by Isolate #200 is shown in Fig. 37. When no NO; ™
was added, the rate of Fe(II) production was 1n1t1a11y ]ow and 1ncreas—
| ed unt11 after 7 hr when 1t started to decrease However throUghout'
the 1ncubat1on per1od the total . amount of Fe(II) produced in so]ut1on
1ncreased In the presence of NO5~, there was a much faster 1n1t1a1 '
Fe (II) product1on rate, with the result that more Fe(Il) was'produced
in the f1rst three hours, than in the absence of" N03 However the
early rise in Fe(II) product1on was followed by a- dec11ne as was.
. observed prev1ously A s1m11ar trend was observed in Fe(II) product1on
_1n the presence of HQNO wh1ch 1nh1b1ted Fe(III) reduct1on The quant-
ity of Fe(II) produced in the presence of N03 plus HQNO was Tower then
» 1n the absence or presence of NO3 a10ne If, however the decrease 1n
the quant1ty of Fe(II) measured in. F1g 37 was the resylt of removal of

(II) from the solution due to an equ11§br1um react1on 11ke prec1p1t-,
ation wh1ch occurred at. h1gh§fe(II) concentratlon, suchedecrease would
not be observedagn the presence of HQNO. * This is because HQNO inhibit-

sma]] amounts to prevent 1oss due to prec1p1tat1on Ioreover no

‘ed Fe(II) format1on and Fe(II) would be present in so] tion only in
e
prec1p1tate was ev1dent in so]ut1on wh1ch at th1s stage appeared 1ess ‘

greenish and more ye]]ow1sh brown.

,\

I oitro reaction of nitrite and ferroydzsUIphate

-

| The datapresentedinth 38 show that the quantlty of Fe(II)
| , present in solution decreased with the quantlty of N02 added as NaN02 ,

: ' [
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bhiction and N0, formation by cells of Isolate
#200 in
. (HOND).

Fig. 37. Fe(III) |

presence of R0;” and an e~ transport inhibitor
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Fig. 38.

In vitro oxidation of Fe(II) by NaNO,.

Incubation was for 30 min at 30°C.-
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In the absence of NOz-; a much greater quantity of Fe(II) was present
in solution than in the presence of NO,". Furthermore, when reaction ,
mixtures were reacted with potassium thiocyanate, more intense reddish-
brown coloration was observed in solutions containing high amounts of
<. NO,”. This observation indicated that more Fe(II1) was formed by the
reaction of N0, and Fe(Ii) than when no NO,  was added |

| Although: it hasrbeen reported in Literature (Ottow, 1968, 1970;
Qttow and von Kloptopek, 1969’ Ponnamperuma and Castro' 1964) that
NO3’ inhibited m1crob1a1 Fe(III) reduction, nitrate -did not 1n1t1a11y
inhibit Fe(III) reduction by Isolate #200. It was observed that during
;hort incubation period the presence of NO;~ actua]]y enhanced Fe(III)
reduction. No inhibition was observed untt151arge amounts of NO,”
had been produced and accumulated in the reaction mixture. The data
presenged suggest-that the decrease ?n‘the amount of measurab1e Fe(Ii)
in the presence (0.1 to 10 g) of KNO3; was not due to impairment or
inhibition of* Fe(II) reduction process by N03 It was»due rather to
an extraneous, secondary reaction which resulted in the re-oxidation of
~ Fe(II) a]ready‘in so]ution - If NO3 "acted merely as an'inhibitor, it
wou]d be expected that the quantity of Fe(Il) a]ready produced shou]d
remain constant indefinitely. In th1s case, the amount of Fe(II) in
so]ut1on actually decreased (Figs. 33 35 and 37) show1ng that‘1t was
be1ng transformed. This transformat1on was thought to be due to
‘re- oxidation by N02 . A prevent1on of the accumulation of NO, above
critical levels (:.e.c at low NO5~ concentration) will prevent this
re-oxidat ion processé fhis is evident from the data presented,in Fig.
354, e, f. o

e

-In/most organisms,’nitrate_reductase is inducible (Stouthamer,
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1976) and'only after the inductioniof the .enzyme can N03_ be reduced
to NO, . The.ooservation by Ottow (1970) that nit” mutants of several
bacteria produced the same amount of Fe(II) 1n the presence or absence
of NO3  led him ‘to suggest that Fe(III) served as an alternative
electron to‘N03'. Data already shown in this work did not-sUpport
this theory. But Ottow's observation on'nct- mutants can be adequate-
ly exp]ained by the re-oxidation theory: since nitrate_reductase is
necessary for'the formation of NO,  from NO3~, no NO, can belproduced
in nit mutants (lack nitratase) or wild type that 1acks the enzyme.
Consequent]y, there would be no Fe(II) re-oxidation in nit" mutants, |
hence the amount of Fe(II) formed wou]d be the same in the presence
or absence‘of NO3~. In addition, if the decrease in Fe(III) reduction.
(i.e. decline in Fe(II) formation) in the presence of NO;~ was due
to NO,” formed, a greater extent of this decline would be expected with
high concentration of NO;~ because more NO,” would be produced. igne.'
would also expect a smaller measurable Fe(II) content (in the presence
of NO;3~) after long ithhation,iﬁ’culture'which had been pre-induced
| for nitrate reductase._'This/fs because pre-induction for the enzyme
would assure an immediate production'of N0, from'Noa',‘and therefore,
a greater tendency to accumulate N02 and re- ox1d1ze Fe(II). These
~assumptions have been consistent with the result obta1ned 1n this work
For examp]e, at Tow NO3_ concentrat1ons 1t wou]d be expected that the
| amount of NOZ produced would be Timited because NO3 availability was
- limited and, therefore 'the re-oxidation of Fe(II)'wou]d not be
sustained. In the experiment in which 0.1 and 0.5¢g KN03/11tre were -
~ used, the quantity of NO,” produced peaked after 3.and 7 hr, respect-
ive]y The subsequent decrease in NOZ. suggested that it was being |

’
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used up for re-oxidation of Fe(II). Such djrect chemical reaction
between Fe(II) and NO," was:reported by Mor%ghan and Buresh (1977).
More importantly, theodecrease in measured NOZ_'WaS accompanied by the
recoveryvof the ferric iron reduction process; as measured by the Fe(1I)
in solution. These observations suggest that tnérinhfbitory effect of
NO3~ as‘suggested by. Ottow (1970) was actually due to the_re-oxidation
" of the reduced iron (Fe(I1)) already in solution pyiNOz'. It was note-
worthy that before the decrease in the‘measurab1e Fe(iI) and the |
increase indNOé-l(i.e. fnicially) there had been a significantly higher
amount of Fe(II) formed in the presence than in the absence of NO;.

~ In a more recent work, Lascelles and Burke-(f978) suggested that
N0, produced inhibited Fe(ITI) reduction. As hasnbeen pointeH:out
_ previods]y,;if NO, acted mere]y as an 1nh1b1tor\1t wou]d be ef%ected
that the amount of Fe(II) produced in the reactlo% mixture would not
- change as from_the time of inhibition. However, the resu]t'shown in
Fig. 37 d, e actually showed a decrease from what was originai]y
present. This type of 1nformation was’not available in the report of
Lasce]]es and Burke (1978) because read1ngs were taken only at the
beginning and at the end. What happened in between -was not known.
* Furthermore, from the results of the work on effect of e]ectron'trans-
port inhibitors it was demonstrated that the path of electron transportp-:
to Fe(II1) differed in 5. aureus and in isolate #200. As a consequence
- of this fundamental but,marked‘difference in the process in the two
ordanisms,-it must be conc]uded‘thatycnese.two:Organisms have different
- mechanisms for Fe(III) reduction Therefore, even if NO,~ acted as an

inhibitor in S aureus this mode of action wou1d not necessari]y be

.applicable to isolate #200 in view of marked difference in the path-of

/,,f
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5e1ectron transport to Fe(III). | Furthermore;iinhthe work reported in
fth1s the51s the in vitro react1on of N02 and Fe(I) demonstrated that
NOZ' is capable of oxidizing Fe(II) under the-experimental conditions,
Moreover, the role of N0, in the ox1dat10n of Fe(1I) under phys1o1og1-
cal cond1t1ons was reported'by Turner and Kienholz (1972);’haemog1obin N
was oxidizeddto methaemodlobin by‘NOZ'.' In chemical proces: streams, N
the corrosion of ferrous metals has EZén inhtbited by the ox{dative
property ot sz'. Nitrite oxidizes iron to the ferric compound
(O]efJord, 1975 Draper, 19675 Lumsden and Szk]arska -Smialowska, 1978)
Ashton et al. (1973a, 1973b) reported that NO,” ‘formed by the reduction
~of NO3™ by E. coli cultures'eaused the oxidation of iron to ferric
_‘compounds. These workers reported that in the presence of n1trate in
the cultures of nitrite-producing E., colt the amount of so]ub]e iron
prev1ous1y present in solut1on appeared to _have been removed .
On the bas1s of the results reported hereln, strengthened by large
1nformatlon in the L1terature on the oxidative properties of NOZ
is concluded that NO3~ per se did not 1nh1b1t bacter1a] Fe(III)\\ .

reduct1on but appeared to do so only after prolonged 1ncubat1on h&pause

of the re-0x1dat1on of Fe(II) by the NOZ produced.



234,

'ELECTROCHEMICAL STUDIES ON THE CORROSION OF MILD STEEL
IN CULTURES OF ISOLATE #200 !

Polargraphy
Eariy attempts at 1nvestigating the eiectrochemistry of the
~corrosion of mild stee] in cultures of Isolate #200 empioyed ciaSSicai

polarography.

With sterile Byq medium, a reduction wave with a half-wave
S 2

¥

potentiai; Ey, of -2.37 V and 4 limiting current plateau of 7.0 mA was
,,obtained."After 5 days ot incubation'of the inocuiated,Bio medium{ftwo‘
reduction waves were obtained; a new wave at By = -1.80 V and a iimité
ing current of 4.2 mA and the preViousiy described wave at Et = -2 37V
resulted This indicated that a new reduc1b1e product was formed dur-
ing the bacterial growth. when 1ncubation was continued for a 1onger
‘period we]i defined waves could no 1onger be r;corded This latter
. behaViour was pronounced w1th cu]tures of the organism in Butlin' s
_;medium, even after a day' s growth 2

~The 1nab111ty to record the reaction (reduction) waves whenever
bacteria were grown for a few days is thought to be due to surface-

\

}.actiye products‘formed.by the bacteria.

Polarization Studies o o

‘The stUdiesfon the,poiarization characteristics of mild steei
in cuitureS» of ‘1soiate #200 were carried out in four different media.
These media include a synthetic (defined) medium (Appendix Te), By
| j medium (Appgndix la), Butlin S medium (Appendix lb) and produced water
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These‘media were chosen to cover a range of nutritional and environment- )
al variabies to which the organism might be exposed in nature.. Medium
810 ‘has a very high ferric iron content (0. 47% FePOq) to refiect a’soi1l
env1ronment rich in iron. Since much of ‘the iron present in soils
;occurs in the ferric state this form of 1ron was empioyed Further—.
more, it was hoped that the effects of the ability of the organism
‘4(Iso]ate #200) to reduce Fe(III) to Fe(JI) would be most easily observ-
ed in this medium But]in s medium represented a generai purpose .
medium (non selective- enVironment), while the. synthetic -medium was used
"$° that the compOSition would be suf;ic1entiy'characteriged and controi4
- 1ed;' The decision to use produced watervwas a‘pragmatickone ~ Produced
ngater was a component of the crude oii-water emu]Sion from which the
organism was 1so]ated and, therefore, represented the natural environ-
ment of Iso]ate #200 The comp051tion of produced water would not be
expected to be constant throughout the production 11fe span of an 011-‘
well or Oiifieid because of the seasonal variation in soil water and
»~m1crob1a1 popu]ation | ‘ ,:

- After the construction of the polarization cell (Fig 3),;a trial
po]arization run was undertaken to check the functionality of the ce]l.
Data obtained during the poiarization of mi]d steel coupon 1n sterile

Bio medium“was . used to construct a Tafei plot As shown in Fig 39,
the piot shows we11 defined anodic and cathodic Tafei regions thus
indicating that the constructed ceii can be reiiabiy used in the’ |
subsequent experiments Extrapolation of the anodic and'cathodie
‘ branches to intersection gave a potentiai of -0. 665 Vin. good agreement ’
with the open- ~circui€ voltage of -0.66 V. | |

| ‘The-po]arization characteristics‘of,mild‘steei coupons in By



Fig. 39, Tafe] plot constructed from data obtained dur1ng po]ar1zat1on
| of mild stee1 coupon in sterile Byo medium in the newly

constructed e]ectrochem1ca1 cell.
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cultures of Isolate #200 grown at room tenperature (25 + 2°C) are shown
in Fig 40. The anodic po]arization curves show that the metal became
more active w1th exposuré’time in cultures of the organism. .The
increase in corrodibility was, greater after 14 hours of 1ncubation but
1ncreased.more s]owiy up to 24 hours. The po]arization obtained aftgf
48 hours of incubation c01nc1ded w1th that at 24 hours |

At the onset of the: experiment ‘the inocuiated .culture medium
appeared deep brown but with incubation soon changed to a:greenish
co]our This indicated the reduction of the ferric compound present ) v
. (0. 47% FePOQ) to the ferrous [Fe(II)] form. A]so after about 24 hours
of 1ncubation, a thick sediment was dep051ted at the bottom of the cell.

The polarization curves of the coupon in sterile BlO medium are
shown in Fig. 41. The c0upon became more resistant to corrosion with
‘exposore, which it did not in:;he inoculated medium.' The'increase in
cdrrent per unit potentiaiﬁchange (dI/dE) was highest at the-beginning

of the experiment and decreased witf time. By the sixth day of

Y &
I N

"completely polarized. Therefore, it

incubation;“the metal was almog/
appears that while polarization (inhibition) of the anodic corrosion
reaction occurredain Big m jum in the absence of the.organism, the
‘presence of Iso]ate #200 q;used an intense depoiarization of the anodic:
reaction. H§>the presence of the organism the decrease 1n the. coupon
corrodibility observed after 24 hours coincided w1th the formation of a
- ge]atinous deposit which covered the 19wer part of the coupon This
deposit was thought to be clumps of bacteria] mass surrounded by ferrous
products resu]ting from the reduction of ?e(III) '

| The polarization curves showed that the coupon - was- 1nhibited ‘

4
cathodically both in the presence and absence of the organism. The
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Figgj41. Po]ar1zat1on curves for m11d stee] in un1nocu1ated (control)

i

.810 med1um

(0 14, 24 120 denote 1ncubation t1me (hr) at 25 2 C)
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cathodic and anodic polarlzation curves in inoculated But11n 'S med1um
“are shown in fig. 42. There was an intense anodié depolar1zat1on ‘
reaction.observed after 14 hours. Pro]onged 1ncubat10n for up to s1x
days yielded a po1arization‘curve~wh1ch d1d not differ from that
obtained within the first day of bacterial growth. Thus, as in By’
nedjum, very active deoolarization of the anode process‘occurred
during the active stage of'the bacteriallgrowth'

The cathodic po]ar1zat1on revea]ed that the coupon was cathodic--
ally inhibited 1n inocu]ated Butlin's medium. In the absence of the
»organ1sm (F1g 43), the coupon was 1nh1bited both cathod1ca11y and
.anod1ca1]y o " |

In the Synthet1c medium (Append1x 1e) which contained lactate
(1.8 g sod1um 1actate/11tre) as the sole energy source active anod1c
"depolar1zat1on ‘was recorded within 14 hours (Fig. 44). The active
anodic depolarization persisted throughout'the exper1menta1 period of
| 72 hours On the other hand the cathodlc polar1at1on curves 1nd1cat—
| ed that the cathod1c reaction was progre551ve1y 1nh1b1ted In the
‘sterile synthetic medium (F1g 45) both- the anodig and cathod1c
reactions were inhibited. | ‘

- In, all of the.we11-defined media employed, the presence of Iso}ate
#200 caused the depolarization of the anode reaction, a reaction which

~would normal]y have been inhibited 1n the absence of the organ1sm

.K\g . Produced Hater

5
5o

ﬁhe trend in the response of the coupon to cathodic and anpdic
polarizations in produced water was more complex than observed in the
other mediaL The anodic polarization curves (Fig. 46) showed that 1ﬁf;&

¥
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Fig. 42. Po'lari»z'?i;ion curves for mild steel in Butlin's medium inocul-
| ated with Isolate #200.

N

(0, 14, 72 denote incubation time (hr) at 25 + 2°C)
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Fig. 43. ‘Polarization curves of mild steel in ‘uhinocu,lated Butlin's
medium (control). 7 ’
- (0, 14, 72 denote incubation time (hr) at 25 + 2°C).
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Fig. 44. Polarization éurves forrmird steel in synthetic medium
(containing 1,800 mg sodium lactate/1) inoculated with
~ Isolate #200. - | |

(0, 14,772 denote incubation time (hr) at 25 & 2°C) -
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Fig. 45, P_oTa‘riz'ation curves }for’ mild steel 1n ninocujated (c'on-trol)
synthetic medium (containing ].,.800 mg spdium lactaté/'l').' |
- (0, 14, 72 denb_te 1ncubation'tv1'me_(hr) at 25’-£'29C).
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'Fig. 46. Po]ariza%iqg\fgzxff_for mild steel in unautoc]aved un1nocu1—'_
| _ated (i.e. w1th natural f1ora) produced water. | |

{03 14, 24,.72 denote lncubatjon time (hr) at 25 + 2°C)
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here was an initial

L, unautoclaved produced v
~active depola;$;at1onk Subsequently, this}was succeededvby a period
during wh1ch the reactlon was st1fled herefore. it appeared that in
.unautoclaved uninoculated produced w;ter the metal was 1n1t1tally
corrodlble but became less so with e posure Witthhe cathodic
react1on, an oppos1te trend was obs-rved an initial-polarization was"
succeeded by active depolar1zat10n process | '/ o
The ‘observed depolar1zat1o< of 'the anodic reaction cOlncided wlth ,
the active growth period normal y observed,with the organlsm. 'However,
prodiced water contains many diéfe ent microorganisms;'tncluding the
iron- reduc1ng bacter1a used 1n this: exper1ment Therefore the: obserwedi
succession in the electrode reactlon could be due to the 1nteract1ons
of the d1fferent organisms present. . . \:iixd o i .
However, as shown 1n F1g 47 when the producedeaterjdss autoi
~claved to k1ll off all organlsms 1nit1ally present and then 1noculated
| - wWith only Isolate #200 the same trend in the polar1zbt10n curves was
: observed as before there ‘Was an 1nrt1al anod1c depolar1zat1on follow-- .
ed by st1flTﬁ§'of the reactlon S1milarly. w1th the{cathod1c reactlon, :
an initial polar1zation was - succeeded by a very act1ve depolar1zat1on -
l‘reaction The close s1milar1ty between the results obta1ned in unauto-i :
claved non inoculated produced water and those obtained wtth the auto— -
,‘claved produced water 1noculated w1th Isolate #200 1ndfcates strongly
17that the reactfon is caused by the same type of orgad@@% tﬁ& is now |
‘evtdent that depolarization of the anodic process 15 consistenly
iv'expressed whenever Isolate #200 is growing actively, ‘the type of medlum'
v.notwithstandé’g Thus, it can be concluded that under oilfleld |

'j_condltions, depolarization of the anodic process must be a mechanism .
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expected to contribute to the corrosion .of ferrous meta] . *”‘e>
It was thought that the energy source in produced water availabie
to the organism was limited, and therefore. the activity of the cells
'~wou1dvbe reduced.l The observed loss of.anodic depolarization capacity
~ after 14 hours of incubation might be due to the depletion of utilizé L
' abie energyiandia change to.a different'metaboiicfprocess which'resuitét
ed in the,subSequent cathodic depolarization. If, however, the\'.
'.induction.of cathodic depo{arization_waS'caUSed by sUbstrate»iimita?
. “tion, then»it_shoqu be aboiished bytthe=addition‘of}a'sufficient‘ ‘
amount of some uti]izabie energy source such asyizcﬁate. “Also, the
supply of a sufficient energy source in produced ter shouid be‘abie”‘
'to sustain the bacteria] activ1ty S0 that anodic depo]arization would |
| be sustained too, and not be short Tived as previousiy observed As
a corol]ary, if on]y a 11mited energy source was added to synthetic
(defined) medium the organism should be. -expected to 1ose its anodic
Vdepo]arization capac1ty and show cathodic depolarization instead
To test these hypotheses, 600 mg and 300 mg sodium 1actate per
.} '1itre were separate]y incorporated in the synthetic medium In another
’-_jexperiment, 900 mg sodium 1actate was added to a, 11tre of steri]e
1,fproduced water to boost its tota] energy content The poiarization '
'iicharacteristics of the mild steel in cultures of Isolate #200 in these
f‘ media are shown in. Figs 48 49, 51 52 and 59 The data shown in. Figs 48t o
‘w'and 49 show that the coupon was still poiarized in the presence or ‘
-:absence of the organism, when 600 mg of lactate was supp]ied as the
‘fso]e energy source However, when the energy source was further
fdecreased to 300 mg lactate per litre (Fig 50), a s]ight cathodic ‘ .;

e Q :

:!'3epolarization activity was observed especia]ly at higher potentiais :




’"vFig 47

Po]arization curves for mi]d steel in autoclaved produced
water inoculated with Iso]ate #200

°

(0, 14 48, 96 denote incubation time (hr) at 25

2°C)
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Fig. 48. Po]arizationicdrVes for mild steel-in synthetié medium
(containing-séq mg sodium lactate/1) inoculated with Isolate
#200. | | o | | |

(0, 14, 24,f72, 96 denote incubation time (hf) at 25 ¢ 2°C)
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“Fig. 49, Po]arization curves for mild steel in uninocu]ated (control)~ ‘
' | synthetic medium (containing 600 mg of sodwm lactatell) , ‘
(0, 14, 24, 72, 96 denote incubation time (hr) at 25 + )
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Fig. 50. Polarization curves for mild steel in synthetic medium

St .

Lo (containing 300 mg}sodium.lactatelllginOCulated with,Isolate';
#200. - . .o R

TR

- (0, 14, 24, 72 denote -incubation time (hr) at.25;1'2°c) '
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~ Fig. 51.

»~

Polarization curves for mild stee] in uninocuLated (controI)

synthetic medium (containing 300 mg sodium lactate/l) !
(o, 14, 24, 72, 9 denote 1ncubation time (hr) at 25 & 2°C)
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| Fig.m52. Po1arization of mi?ﬁ stee] in produced water medlfaed by ‘the
'.addition of 900 mg sod1um lactatef] and inocu]ated with
Isolate #200 s °

.>‘

'(0, 14, 24, 96 denote 1ncubation time (hr) at 25 + 2°C)
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after an initial inhibition. The initial inhibitfon of the cathodic :

reactibn wouid therefore, correspond-to a period when the organism

Ty wWas stii\ growing on the available iactate LAt the exhaustion of the

- b
RO S o

1actate “the organism probabiy switched to a different metaboiic o
‘kﬁéprocess which caused the siight cathodic depoiarization In the

' absence ‘of the organism (Figs 49 and 51) bothveiectrode processes'

' .-were 1nhib1ted |

& when the energy avaiiabie in the produced water was boosted by

i ;:"the addition of 900 ‘mg iactate per iitre the inhibition of the anodic {

‘reaction was aboiished (Fig 52) and active anodic depoiarization was
}‘fsustained A]so, ‘the cathodic depoiarization reaction still occurred
4and was not aboiished as predicted . by the addition of excess energy
source ’It can, therefore be concluded that energy iimitation in
i produced water was responSibie for the transient anodic depoiarizbtion
| observed eariier Whiie energy iimitation can account for the anodic )
reaction, it cannot adequateiy expiain the succe531on of cathodic\
| : reactions observed in produced\water Cathodic depoiarization was
~-consistentiy expressed in produced water prov1ded the organism was
"vpresent From these experiments it can be ascertained that in produced
’ water medium (naturai environment) Isolate #200 is capabie of cataiyz- -v
ing/both anodic and cathodic dEPoiarization reactions *t _ P
| The poiarization characteristics of miid steei coupon in cuituresf'_;”7
.‘of Isolate #200 have been studied In these §tudies, the organism was'
| grown in four different media These media‘were selected to cover,’ as'-*'i
discuSsed previousiy, a range of nutritionai and environment variabies
to which the organism might be Exposed in. nature. o :* } i L

In ali these different media; the presence of the organism (Isoiatei'_.
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#200) caused the depolarization of the anodic process In prdduced :
water, however, both anodic and cathodic depolarization reactions could
~oceur.

The operation of both the cathodic and anodic depolarization

reactions in inoculated produCed water may we]l expiain the severe

corrosion reported in the pipeiine system carrying the crude 011-water
emu]sion from which the organism was isoTated

Isoiate #200 is essentiaTTy an aerobic organism with the‘t‘ -
except on of the 1n1tiai deaeration at the beginning of “the poTariza-
“tion rups, no further attempt was made to deaerate the cuTt

= Because
of Tow soTubiTity of 0, in concentrated soTutions such ‘as the culture

media employed, these experiments were essentiaily carried out under
microaerobic conditions

The corr051on of the ferrous metaT wi]l

produce ferrous ions some of which would be oxided to ferric [Fe(III)]
by the sma]] amount of 0, present in soTution

Ferric compounds are '
genera]]y insoluble and when deposited on the surface of the metai may

prevent further corrosion of the metai by acting as a. barrier between
the meta] and its environment

.
That the formation of some-ferrio o
cdating on the Surface of corroding metaTs inhibit the corrosion

process is very well known (Logan, 1949 Booth et aZ
Ashton et az., 1973 OiefJord

1963, 19655
1975) Isolate #200 reduces ferric to", N

ferrous ions ‘In the presence of this organism, as ﬁas been ampiy

demonstr ted the anodic reaction was consistently depoiarized

It isf -
sugges d here that the abiiity to reduce ferric to ferrous is the
o sfngT

R reacii This theory is supported by the. Sca""‘"g electron m1°r°'

_mos 1mportant factor in the depolarization of the angdic
graphs. (Plate 3 to 6) which show that in the absence of the. organism

the surface of immersed coupbns were obiiterated by a dense crystaliine
v R : B3

e

9 (\L
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deposit In the presence of the organism, however, the surface deposit h
twas parched exposing large areas of bare metai The exposure of the | |

gmetal surface ai]owed f0r continued corrosion of the metai _hence the ,

;i depoiarized anodic reaction observed - Since the surface deposition was | .
maximum in the absence of the organi;m, it is suggested that these ‘l:
‘dep051ts are insoiub]e ferric compddnds‘ The dissoiution of these A

//,dEDOSItS by* the organism exposed the bare meta] to the medium and

aliowed continuous anodic dissoiution of the meta] } ’f \\7ﬂ'L
o In conclusion, it is suggested that Isoiate #200 caused the . .
‘ depolarization of the anodic reactidh by preventidg the formation of a :l:i

o -8
"’protective ferric coating of ferric cbmpound(s) on the metal coupon

{ N
. o, . - e . ? . S PR /\" e
. N P . oy B EI . Ry S +
14 ; S
54 o -
. L . »
f ) sy
. ! -

The Roie of Fe(III) Reduction in the Corrosion

L of Miid Steei L :;‘h;‘«-’; u{;m‘iéﬂ;..,- |
Eariier polarization studies showed thatIsolate #200 caused the ‘;;\\\\

depo]arization of the anodic process. Scanning eiectron micrographs

' "reveaied the different degrees of surface deposition and bacteriai

| 'rwhen exposed to. running tap yater and were, therefo e, cbnsiderfd ‘iﬁdv:fr

| it”insoiubie Based on. these dbservations, it was su gested that Soiate

*f-iithe nature of the coat Ifggas5it;uasvsuggestedg W
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i

~ the anodic process was due to the removal of a protective ferric cover-.

*

ing, it would be possible to specifically produce a ferric covering on

“the coupon and observe the depolarization/polarization reactions in the

presence/ebsence of the organism. Protective ferric covering can be
conveniently achieved by 1ncorponetion‘bf nitrite (NO,”) in cu]ture
medium. Nitrite.is a very strong. ox1d121ng agent which can oxidize
Fe(II) to Fe(11r) (Moraghan and Buresh, 1977) and its ox1dat1ve actiy-
ity has been W1de1y ;dopted in the 1nh1b1t10n of corros1n of ferrous

metals (Fontana and Greene 1967 Draébr, 1967; OTefjord, 1975; Lumsden'

and Szk]arska Sm1a]owska, 1978) It is also possible to generate NO,~

in situ by the addition ‘of NO3 to the culture since the organism

W

'reduCes\N03' to NOZ': ‘The advantage ot the latter method is that it

should be theoretically possible to oBServe the changes in corrosion

"rate as the organism transforms NO,™ to NO,™ and as’ the ferric products

. are reduced to the,solub]e ferrous iron. The inhibitory effect of NO,"~

is due to the format1on of . protect1ve ferric film on the meta] surface

(Draper, 1967; O]efjord, 1975)

Big med1um + NO;

¥

The data 1n Fig. 53 show anodic polarization curves for mild stee]i
in Byp medium conta1n1ng KNO; (1 g/1), 1nocu1ated with Isolate #200
Ev1dent1y, the anodic current decreased- cont]nually within the first
24 hours of 1ncubat1on Moreover the mild. steel coupon showed a clear-
case of passivation, with m1n1mum anodic current density of less than ‘
0.1 mA cm™2 at 24 hours. However, with"further incubation the metal .

lTost its passivity and ‘the anodic current soared markedly at 48 hours

~of 1ncubatﬁon Subsequently, there was a general decline in the anodic

- . ER

\\//'
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 Fig. 53. Anodic bolarization cﬁrves of mf]d.steel in Byy medium
containing KNO3 (1‘9/1) inocu]aé@d with Iso]éte #200.

(0, 14, 24, 48, 95, 120, and 144 denote the incuation time
(hr} at 25 + 2°C)
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current. ., | ' ’
Comparison of‘the'énodic polarization curves at 24 and 96 houfs
shows a marked diffefence in the behaviour of the mi]d:steel; During
these two periods the metal showed varied¢degrees of paSSivfty: at
24 hours the'criticallpass%vatieg potential was -0.41 V but shifted
to the more noble potential of -0.25 V after 96 hours. The critical
- anodic current density at 24 hoqrs wa§ 0.35 mA em;' and douBTe that
(0.15 mA cm ) thaiqed after 96‘hours of.incubat{en. The shift of
the cr?tica] pessivating botentia] from a lower to”a more pdsitive
value in the pu]ture of the organism would indicate that it was becom-
ing more dffficult to Passivate the metal. The ob;ervation that the
metal showed an upsurge of anodic cerrosion current at 48 hours ofti
incubation aiso showed that the passive film previously formed at the' _
.-24 hours of incubatioﬁ was destroyed and could not be reformed
immediate]y..
The open circuit potential of the mild stee1 rose from.—O.é V to
-0.32 v, an §ncrease of +0.25 V. The change jn thg’open cireuit

‘potential in the positive djrecfion indicated that the mild steel.

became more noble with time.

Butlin's medium + NO,~ ' | .

;o

When nitrate was added to inoculated Butlin's medium the anodic
polarization curves of the mild steei in the medium revealed an initial
inhibition of the anodic reaction (Fig. 54) within the first 48 hours.
Anodie inhibition was succeeded By very active depo]arizatfen reqctions
at the'anode. The metal was not passivatable in'Butiinfs medium though

it was in the By medium. The difference in the passivatability of the

/
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‘Fig. 54.

Anodic po]arizatign curves ._for mild steel in Bu'tli‘n's medium
containing KNO# (1 g/1), inocul.ated wirth [s&ate #200.
(0,“24, 48, 96‘, 144 and 168 deﬁqte incubation time(hr)

at 25 + 2°¢) o -
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'oxidizing Fe(11).

y N a7y,
metal in By, and Butlin's‘medium may be accounted for by the total,
oxidizéng power of the media. The ox1d1z1ng power of Byg will ‘be™ the“\ |

’sum of the oxidizing powers of Fe(III) and the NO,™ and woul be h1gher

than that o?}But11n s med1um wh1ch conta1ned only the N02 Strong

e
0x1d1z1ng so]ut1ons pass1vate meta]s more eas11y than non ox1dxz1ng

-

"‘solutlons (Fontana and Greene 1967) Therefore, one method by which

ulfso1ate #200 can fac111tate the corr051on of ferrous metals {s by

<

preyent1ng»pass1vat1on of the meta] by reduc1ng the total ox1d1z1ng

'power of the environment because Fe(1I1) is reduced to the less -

E.N .

2>

The Changes in the corrosion rate of the coupon'in inoculated
n1trate conta1n1ng But11n S medlum are shown in Fig. '55. Corrosion

rates were determ1ned by extrapo]at1on of the anodic and cathodic Tafel

- slopes and the 1ntercepts were the corrosion currents/cm2.- As‘shown

.

~in Fig..55 the corrosion rate was initia]ly high but decreased and

rose sharp]y and’ a]most 11near1y The changes in the corros1on rate

,-corresponded to the changes 1n the anodic current as shown 1n the

anod1c po]af1zat1on curves (F1g. 54). -The 51m11ar1ty betweenuthe~

- trends in anQdic current curves and the tota1 corros1on rate. 1ndicated

that” fhe changes in the anod1c react1on, rather than the cathodic T
-react1on contro]]ed the overa]l corrosion of "the coupon in the presence

of Iso]ate #200 under the exper1menta1 cond1t1ons

The open circuit potent1a1 changes observed in the nitrate-contain-

‘1"9 Butlin's med1um d1ffered marked]y from those a]ready described for

Byp ~ The potentia] 1n1t1a11y 1ncreased to more noble valués {from -0.6 V

to -0. 32 V) within 2 days and subsequently decreased to more negative -

values (from -0.32 V to -0.5 V). These changes (from active to ‘noble

- - . i

A



Fig. 55. Changes in corrosion rate of mild steel in Butlin's medium

containing KNOj (Tﬁg/l) indculated with Isolate'#ZOQ.
Corrosion rate, iCOrr,,Was estimated by the-extrapolation of

-

the: Tafel slopes. .
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‘and flna11y to actlve) in the potentials of the coupon a]so cOrrespond—
ed to the observed ‘trend in. the corrosion rates, as shown in Fig. 55."
Such changes 1n potent{\l ‘have been reported in bacter1a1 corrosion
:(WOrmwe]1 and Farrer; 1952) and were 1nd1cat1ve of the changes'in'the_ NI

corrodibility of the metal. P

Butlin's medium + NO,”

» -

A

When nitrite, instead of nitrate was»incorporated‘in the Butlin's
med1um cu]ture of Isolate #200 the polarization curves obtalned are
shown. 1n F1g 56a,.b. There was 1mmed1ate pass1vat1on of the coupon /i' »
on 1mmers1on since on]y very Tow anod1c current was observed at lower
Potential. Tt is known that exposure of steel to strong ox131z1ng

4

- solutions (e. g- chromate and n1tr1te) cause 1mmed1ate pass1vat1on Q%
(Fontana and Greene, 1967; OlefJord, 1975). Further increase in ;
'potent1a1 (see curve for 0 time) did not 1ncrease the anod1c currefit
until the potential +0 15 V was reached when there was a sudden rise in
‘the anod1c/corros1on current. Similar corros1on character1st1cs have

| been observed in all pass1vatab1e metals immersed in oxidizing solutlons
The sudden 1ncrease in anod1c oorros1on current corresponded to a

shift from passive (low corros1on) to the transpass1ve statei?Fontana
and Green, 1967; Steigerwald, 1968; von Fraunhofer 1974) The trans-
formation from the passive to transpassive states occur because of the
breakdoyn of a protective f11m Rroduced on the meta1 On jurther
1ncubat1on, a progressive increase in the corrod1b111ty of the meta] :

. ‘7' s
ensued Moreover, the passivity of the metal was 1ost ’Th1s was :

/
/

indicated by the increase in anodic current w1th 1ncrea7e in 1mposed |

potent1a1 If the metal was still in the passive state’ increase in

T~ ; -
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Fig. 56a. Anbdié'po]arization;curves for mild steel in ﬁuplin's :
| medium containing N;NOQ (0.7.g/1) and inocu?%ted‘with
Iéo]ate #200. \

5 (0, 24, 48, 96,and 168 dénote the incubation time (h;)‘
atv25 i'2°C)_ 3 | |
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Fig. 56b. Cathodic pelarization. curves for mild stéeI in Butlin's
‘medium containing NaNO; (0.7 g/1) and inoculated with

4 . n
v J

Isolate #200.

(0, 24, 48, 96 and 168 denote the incubation time (hr)

at 25 + 2°CJ-
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the potential jmposed‘would not result in a rise in.anodic current
until the transpassive zone, as shown by the zero time curve‘ A
similar act1ve anodic depo]ar1zat1on was observed in B1o med1um
conta1n1ng nitrite (F1g 58).

In thevabsence of the organism (Figs. 57 and 59) the ferrous metal
remained paSsive'rn the nitrite-containing media. In fact, the
anodic current prdgressiveiy decreased with exposure; Therefore, the
integrity of the protectlve ferric ox1de film was destroyed in the
" presence of the organ1sm, hence the observed depolar1zat1on and the
accompanying 1ncrease in the anod1c current. \

The open c1rcu1t potential decreased sharp1y from 0.1V to
-0 52 V in the presence of the organism (F1g 56). Th1s marked the
transit1on from a noble state to a more act1ve state. Contrarily, in
the absence of Isolate #200, the potential qf the coupon remained in
the noble state.

‘:It has been attempted to demonstrate fﬂe relationship_detween

reduction of ferric compound and ﬁerrous metal corrosion Nitrite is
a very strong oxidizing agent wh1ch is used as an ox1d1z1ng 1nh1b1tor
of ferrous metal corrosion. The 1nh1b1t1ve action stems' from the
oxidation of the metal surface to formgjan insoluble ferric oxide film,
y-Fe,04 (01efjord, 1975; Drapter, 1967). Provided the integrity of the
ferric film is maintained, the neta1 remains fmmune fo the action of
any corrosive‘env{ronment. From the work reporfed here, it has been
shown that the protectiveness of the ferric film was destroyed in the
presence of ferric iron-reducing bacteria and intense corrosion'
resul?ed. ‘

\

The'incorporatjon of~nitrate in tﬁé\growth medium has enabled one

[ e KL S



Fig. 57. - Polarization curves of mild steel in uninoculated (control)

Butlin's medium containing NaN0, (0.7 g/1).

(O, 24, 48 and 168 denote incubation time (hr) at 25 + 2°C)
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Fig. 58. ~Anodic po]ar1zat1on of mﬂd steel in B, med1um contammg
© NaNO, (0 7 g/]), and 1nocu1ated with Isolate #200 ‘
(0, 14, 24 and 48 denote 1ncubat1bn time (hr) at 25 + 2‘°C")--_ '
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@

~ (control) By medium contaihinngaN024(0.7 g/1)

’ . ‘
(0,: 24 and 48 denote incubation time (hr).at 25 + 2°C)

Fig. 59. Anodic polarization curves for mild steel in uninoculated -
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'» to observe the‘changes in corr051on rate in the presence of nitrate and
;‘the effect of in situ generation of ‘nitrite (Fig 55). The corrosion

‘ rate (Fig 55) was initiaiiy high because nitrate is corrosive (Fontana
.and Greene, 1967), but the subsequent production of nitrite resulted in
the 0X1dat10n of ferrous iron to ferric iron and produced the character-
istic protective Y- Fe203 film. Thus the intense poiarization of the
anodic process evident between 24 and 48 hours (Fig. 54) was due to
Anitrite production frém nitrate by bacteria At this stage, the
"culture.soiution turned yellowish indicating the preponderance of
Fe(IIT) compounds in the medium The subsequent depoiarization of the
~anodic reaction (Fig. 56) after 48 hours and an accompanying colour
change (from ye]]ow to green) indicated the converSion of ferric to
ferrous compounds and the 1oss of the protective ferric film. Since
depolarization reaction occurred only in the presence of Isolate #200
(compared tovcontrOJ - Fig. 56), and this organism reduced Fe(III) t to

Fe (II) compounds, it can be conciuded that the reduction of ferric to‘p'
- ferrous ions was the cadre of the depo]arization of the anodic process
and the concomitant’ increase in “the corrosion rate.

Logan (1945) reported that the corrosion of underground'pipes was
retarded. by the oxidation of corr051on products to form films or thick
'dep051ts Such dep051ts either reduced the potential difference |
between the anode and cathode, or posed an e]ectrica] resistance which
reduced the corrosion current. 'Aiso the retardation of corrosion of
iron 1in estuarine waters of the Thames was reported by Booth et al.
(1963 1965). Chemical analysis of the retarding surface film showed
that it was composed of the ferric compounds, a-Fe,0;- H20, y-Fe,0;-H,0

and Fe30,. A‘coating of a mixture of ferric and ferrous phosphates

A
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pheseryed buried ancient nails from corrosive soils (Boo \ al.,
1962). Bemova] of such protective ferric compounds would lead to “

more intense corrosion. ;Itvis concluded, therefore,vthat ferrous -

" metal corrosion as engendered oy Iéo]ate #200 is causeo by'the'abiiit} )
of the organism to dissolve any insoluble protectite ferric coatihg

on the surtace allowing for further oorroSioh (ox{dation) of the bared

metal.

Polarization Characteristics of Mild Stee]‘in Big Culture

of-Tso]ate #200 Contajning Reducible Sulphur Compound

This Study was undertaken to investigate the effect of simul tan-
eous production of $2° and Fe(II) on the corrodibi]ity of mild steel.
The -ability to produce S2~ and reduce Fe(III) are characteristics

considered very important in the corrosion of ferrous_meta1s;

’

Byg medium + S,0,2"

Figure 60 shows the po]arization of mild steel in 310 medium
containing sod1um th1osu1phate as the reduc1b1e sulphur compound

Th1osu1phate was chosen because it is more stab]e than $032°. During

'A,the early culture period there was po]ar1zat1on of the anode. However,

S

after about 60 hours. of incubation the anodic current started to
1ncrease cantinuousty up to the end of the exper1ment -5 day; ’ The
1n1t1a1 po]ar1zat1on of the anode was thought to be due to the early

S27 formation which reacted ylth the coupon to form a temporarj?y ‘

~ adherent FeS coating. Sobsequgntly,'the‘increased production of Fé(II)
[from Fe(III)] demobilized any 52" oresent.in culture solution by form-

ing a precipitate of FeS. The removal of S2- from the culture would



A
Fig. 60. Pojarization curves of mild steel in By, medium contain‘ing'

 NapS,03 ( g/1) and inoculated with Isolate #200.
- (0, 12, 24, 60,and 110 denote incubation time Thr) at 25 & 2°C)
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ﬁIsoTate #200 in By, containing 52032' were covered by a Toose, non-

“electrode. P

296.
prevent the continued growth of the FeS coating;on the coupon and so
no-protéétivehess-would'be accorded. That this was the case was

supported by the obServation that cOupons'immersed in a cujture of

Ed

adherent black mass which s]oughed off on w1thdrawa1 of the coupon from

the culture. Thé sloughing off of the corrosion product revealed the
bright metal. Booth et al. (1966 1967) reported on the 1nf1uen§£§of
Fe(II) on the corros1on of mild steel. H1ghﬁleve1s of FeLII)

cultures of Desulfbvtbrto prevented the fofaat1on of protect1ve FeS = .-
coat1ng on the coupon. At the same t1me the high amount of feS formed .
caused depo]ar1zat1on of the cathode Thus, the”s]}ght cathodic |
depolarlzat1on later observed in the Big + S 03 " culture of Isolate
#200 would be due to the FeS formed in the med1om. /Cohrosiv{ty of soils
has been associeted with soluble iron (Mi]]erl‘19Z05L -Since iron‘ih

nature is mostly in the form'of insoluble ferricAQXide,(Gotoh.and

Patrick, 1974) transforﬁetioh to the soluble ferrous fofm‘hou1d render

<

any such environment corrosive to iron. Miller (téfo) reported that

soils with }e(II) coptent of abod® 333 ug/g soil or above proved_ very
corrosive f% iron a{d stee] but at Tower cohcedtrations were non-
cogbosive. . E ‘ | . i{/ |

Intthe absence of the organishr(contro])ﬂ(th. 61) the anode was

) [ ) . . B ‘ . - .
po]arized but a s]ight cathodic debo]ariiation“othrred The cathodic \

{ ~

depo]ar1zat]on in the absence of the. organ1sm was thought to have been

caused by FeS arising from 52” formed by reduct1on§of $,052° at the
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‘Polarization curves for mild steel in uninoculated (control)
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By withou Fewl S,042°
£

As a general control to the effect of simultaneous production of

S2” and Fe(Il), Bjo medium.was modified in such a way as to be lacking
in Fe(III). Iﬁ this way only the effect of S2° production could be‘
assessed.

The anodic and cathodichpolarization curves fo§4¢1]d steel in the
modified By [no Fe(I11)] are showncin Fig. 62. Thare was a slight

1thin-EBe‘first 12 hours but the coupon

stimulation of anodic process
.rapidly became polarized. pibus prbduction of H,S was very apparent
after 12 hours of incubatidn. fhis was deduced by the ihtense charact-
~ eristic (rotten4egg)-sme11 df HpS. It is noteworthy ;hat ﬁo smell
emanated from fhe normal By, culture. APresumab1y the formatfon of FeS
in the normal By, culture prevented the release o€ HpS. It was this
‘release of H,S and the subsequent reaction with the coupon that was
thought to have caused the initial stimulation of anodié dissolution.
The stimulatory effect of $27- on anodic disso]ﬁpion of mild steel was
“earlier reported by Wanklyn and Spruit'(]952), WOfmwell and Farrer

*

(1952) ‘and Hoar and Farrer (1961). Although Booth and Tiller (1960)
reported a generg] decreaseAin the anodic reaction, these workers did
. observe an initial stimulation of the anodic process before the
gubsequent decline. |

Unlike the anodic process, there w§$ a suStained*depb]arization
of the cathdde.( Depdlarization_of the cathode must have been caused by
the FeS formed from thg initiq] su1phide-stimu1afed anodic dissolution

r ' 4 o
. observed. In the absence of thg organism (uninoculated control - Fig.

63) both the anode ahd the cathode were polarized.



Fig. 62.

Polarization curves for mild steel in By medium without

added FeP0O,, containing Na;S,03 (  g/1) inoculated with
. ' /

Isolate #200. .
(0, 12, 24, 60 and 108 denote’incubation time (hr) at 25 * 2°C)

¢
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Fig. 63. Polarization curves for mild steel in uninoculated (control)
.

Byo medium without added FeP0,, containing Na,S,05 ( g/1).
The_po]arization.curve.at 108 hr coincided with that at 24 hr.

(0, 12, 24 and 60 denote incubation time (hr) at 25 + 2°C)
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It can be concluded from this study that the simultaneous
production'of S2° and Fe(II) preVented the eventual formation of
protective FeS coating. Consequently, the anode wes not comp1ete1y
k polarized and an initially stifled reaction was a]]owed to continue.

Furthermore, the format1on of large . amounts of FeS caused some cathodic

- depo]ar1zat1on The combined effects of destabilization of FeS coat1ng

"~ of the coupon and cathod1c depo]ar1zat1on of FeS formed by bacter1a1 ‘

act1v1t1es would undoubtedly increase the corrosion of the coupon<{ ' ,</’”“f
; . o . ' /\ 3 T
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. Corrosion of Mild Steel Specimens (Coupons) Exposed

to Cultures of Isolate #200 | K\

Phys1o]og1ca1 character1st1cs of Isolate #200 reported earlier in
th1s work suggested that Isolate #200 can modify the env1ronment of

iron/steel and ac 1erate 1ts corrosion. Moreover, polarization

characteristics of fnild stee]_in cultures of Isolate #200 showed that
this organism cause
present aspect of inv st1gatlon was aimed at determ1n1ng the extent of”

corrosion that can occur in cultures of Isolate #200.

Static and Semi-continuous Cu]tures’

P
In static and,Semi-continUOUS'cu1tUres, couponé (specimens)'
exposed for tWo weeks in'cuttures of‘Isd]ate #200, where there was no
s2° product1on were dev01d of appreciable surface coating. ' In Bjg
med1um, the spec1nens were covered by adherent brown1sh black film.

No such film was evident in coupons exposed in Butlin's medium. In

cu]tureswheresz' was - aining media) the mj1d

. A QUalitative

steel specimens were covered a o1ack oati
cnemtcal test showed that‘tne black corrosion prodUct contained 52'.
No pits Were formed on.the specimenélduring the 2fweek immersion
period. . |

In uninoco1ated t]asks, the COooonS'were covered by rust (brown-
ish deposit) which flaked off easily. In both Butlin's and B1g

media without 5203 , the spec1mens exposeq for up to 21 weeks were

covered by thicker rusty mater1a1 than was observed dur1ng the 2-week

~

\

anodic depolarization of the steel specimens. The -
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éxposure. An intact, brownish-black film underlay the rusty coating.
. During the long exposure (21 weeks),,unihocu]ated Bio medium containing |
flasks turned black, indicating chemical reduction of. $50327 to $27,
Few pits were observed on the coupons under this condition. ,
The corrosion of the mild steeT specimens in static and semj-
continuous cu]tures of, IsoTate #200 are shown in Tables 17 and 18.
The coupons in the un1nocu1ated flasks of 810 medwum showed h1gher
~ corrosion rates than those in the inoculated flasks This effect was
more pronounced with the exposure time. The h1gh corrosion rates
ev1dent in uninoculated flasks was thought to be due to dissolved 02
which made the solution oxygenated This interpretation is supported
by the observatlon that the corros1on product observed was rust hydrated g
ferr1c ox1de [solate #200 TS an aerobic organ1sm and will effect1ve-
_ Ty remove much of the d1ssolved 02 in the cu]ture for cell re5p1r-‘
at1on Consequent]y, no such corrosxon by dissolved 0, woyld
contr1bute to the observed corrosion rate as obtained in the cu]tures
of th1s organ1sm Therefore the un1nocu]ated flask actua]]y
constituted a different system, whose corr051v1ty should be expected
to be d1fferent from that in cuTtures of Isolate #200. |
| The corrosion rates obtained (TabTes 17 “and 18) were h1gher when
$2” was produced than in its absence - In By, cultures conta1n1ng
$20327, after 2 weeks exposure a corros1on rate of 8 mg dm™2 day~!
(mdd) was obtained as against 5 mdd obta1ned in the absence of §2°
generat1on . A similar trend was observed in 1nocu]ated Butlin's
medium conta1n1ng S,0527. ' Ther fore, the corrosive effect of Iso]ate
éF§ from its ability to produce §2-.

#200 must stem, at ]east inp

Under the natural env1ronment conditions, Isolate #200 would: be-
. ) i

)
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able to produce $2° from 5032"and 5203 " which are normal intermedi -

309.

ate products of S0,2" reduction by su]phate -reducing bacter1a
Compar1son of the corros1on rates of ‘the coupons in semi ~continu-
ous and stat1c cultures of Isolate #200 showed’that the rates were'

» —

the semi- cont1nuous cu]tures Thus, in the absence of 52~

h1gher i

sion rate of 7 mdd was observed in semi- cont1nuoUs ‘

productiop, a,-
cultures as aga1nst 5 mdd obta1ned in static culture, aFter 2 weeks
exposure, Th1s d1fference in corros1on rates was more pronounced in
cultures in which S27 was produced: , 20 mddgin semi-continuous system
and 8 mdd-in'StatiC'cultures | | o

When the exposure per1od was extended from 2 to 21 weeks, the
average corros1on rate dec]1ned even though the total we1ght loss per
'C coupon was st11] higher than that obta1ned after 2 weeks ex;:jure

This indicated that most of the corros1on (we1ght 1oss) occupfed

within the ear]y stage of the'exposure Th1s 1nterpretation is

consistg E ear]1er observat1on that 1ntense anodic depo]ar-

izatiyi .?rly during the culture 1ncubat1on Subsequent

anodic : vf1on, after 3 days of 1ncubat1on was very s]1ght

;\\

It was v ;*hat the h1gher corr051on rate observed after 2 weeks

T,

exposure ‘ .fe to the greater cell act1v1ty obtainable at the ear]y

gfed before nutr1ent~11m1tat1on This idea is supported

incubation §

by the obs}rijt1on that corrosion rate was h1gher in sem1-cont1nuous

: | ]
cu] tures 1 the static cultures. In the sem1pgpnt1nuous sytem, the
SRR R |

medium wa plenished weekly

.Coﬂtinuoﬁs culture' In the cont1nuous culture system, p1tt1ng of
the mild stee] specimens occurred under. conditions of $S27 generation
(.e. in S,042 .-cdntaining mediUm).‘ Plate 13 shows pitting of the

. . 3
“ ‘ . -~ i ’ ‘ : ‘ : . ’/‘/
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- Plate 13. Pitting of mi]{d steel coupons exposed for 9 weéks in Butlin's
+ 52032"me'd1‘um culture of“Iso]até_ #200.  X52.5

3

o
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- semi- cont1nuous cultures after Zty

o 312.
coupons exposed for 9 weeks in culture of Isolate #200 in Butlin's medium

containing S,032°, In such cultures, the b]ack coating covering the
coupons was unprotective, being easily sloughed off to reveal the bright
pits or bare metal. Most of the pits formed were abouf 1 mm across but a
few were smaller. No pits occurred on control coupons (Plate 14).

In the cont1nuous cu]ture system, the calculated corrosion rates
(Tab]e 19) after 9 weeks' expdsure varied from 1 mdd to 2 mdd These ,

rates were significantly less thanLé: values obtained in stat1c and
Sl

exposure and 1n semi- ~-continuous

" Butlin's medium p]us 5,03 2" after 21 weeks. These figures, however,

are not directly comparab]e since the exposure was for different periods.
As was evident in the static and semi- cont1nuous culture systems dis-
cussed earller, corrosion rate declined with exposure ‘time.

An interesting observation was that in the continuous culture
system, s2” generation ceased to have any significant effect on the
corrosion of the mi]d‘steel coupon. Thus, the corrosion rafes obtain-
ed in Buf?in's medium Jacking $,0,2" (1.5 mdd) was similar to that

obtained (1.7 mdd) in Butlin's medium containing S,0527. The only

apparent explanat1on for this effect may be the low residence time of

- the corrosive product, $27, in the corrosion chamber. Any S27 produc- i

ed in the cu]ture was ;soon washed away (med1um dilution rate‘ 0.012

) \_J .

r'1) and was not in contact with the coupons long enough to have any

- significant corros1ve effect in terms of weight loss over the entire

surface-area. Weight losses do not indicate the degree of penetration.

Intense pitting can still lead to pipeline failure (due to perforatfon) -

even though the tota] we1ght loss is negllglble or even ‘non- detectab]e

In rea] 11fe s1tuat10ns fa11ure of the plpellne system carrying

]




3.

Plate 14. Surface of mild steel codpon exposed for 9 weeks in

uninoculated (control) Butlin's + $,032" medium.
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TABLE 19. Corrosion of mild steel exposed to continuous cultures

of isolate # 200 for 9 weeks. \

R

Corrosion rate

mdd1

2mi]-penetnation/year ‘

Experimental condition mpy?2
Biy medium ‘
Inoculated 1.82+0.08 0.30+0.01,
Uninoculated 4.57+0.04 0.75+0.02
Byp medium + S,042 :
Inoculated 1.19+0.37 0.20+0.06
Uninoculated 4.91+1.17 0.81+0.19
- Butlin’s medtum
" Inoculated 1,39:0.09 0.23+0.02
Uninoculated 1.96+0.06 0.32+0.01
Butlin's medium + S,042~
Inoculated - 1.73:0.14 0.28+0.02
Uninoculated 4.58+0.39 0.75:0.07
Img/dm2/day
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the Pembina crude oil normally resuited from pit formatioﬁ. In‘the!
experimental situation, it has been demonstrated that pit tormation
-was associated with $27 production by Isolate #200. Since Lso]até
#200 has the capacity to produce S2° from S032” and 5203 2" reduction,
~and since 032 and 52032 can be generated as intermediates of S0,2
reduction in the mixed flora in the Pembina crude 0il system, it can
be concluded that the frequent failﬁre,of the‘Pembina crude 011 pipe
system due to p1t format1on must be attributed to at least in part
: the act1v1t1es of Isolate #200 or bacteria with s1m11ar phy51olog1ca1

capab1]1ty

Although the corrosion rates reported in this work for the mild
steel coupons-in the static, semi-continuous and conttnﬁous cU]tUrés
of Isolate #200 are genera]]y,]ow, some va]ues compare favourably
| w1th those reported in the Titerature in cultures of Desulfbvtbrto
~and Desyljbtomaculum spp. King, Miller and Wakerley (1973) reported
a weight 1055 of 35 mg after 5 weeks in semi-continuous cultures of
D. desulforicans straih Teddington R (NCIB'8312) This figure 1s
comparab1e to 38 mg loss obta1ned with mild stee] coupon of similar
surface area exposed for 2 weeks in’ cu]ture of Isolate #200 in Bio
med1um>containing $20327. Very similar weight 1osses were rgported'by
~the séme workers with D. vulgaris étrain Hildenborough (NCiB‘8303)
and Desqubtomacuiam orientis strain Singapore I (NCIB 8382).

In cultures of Isolate #200 wheré S2” was produced, pitting of
the mild steel coupons occurred (Plate 13). Siﬁce pitting is a very
1ocalized attack, "its destructiveness cannot’be adequately quéntitat-
ed by weight loss measdrements. This ts because corrosion rate déter<

minations, like mdd, assume uniform weight loss. . \ !
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Cyclic exposure of mild steel coupons to culture of Isolate #200 and

the atmosphere

’

ety

In crude 0i1 handling systems like the Free Water
Knockout Tank (FWKT) there would be periods when the tank would be
empty or part1a11y filled. Under this cond1t1on, the 1nterna1 surfaee
of the tank is exposed to the atmosphere during wh1ch oxidation of the
surface mater1a1 from Fe(II) to Fe(III) could occur. In the Pemb1na
crude 0i]l system, iron- reduc1ng bacter1a (1ike Isolate #200) are
norma]]y found in. the produced water/oil emulsion being handled by the
FWKT. " As the FWKT is filled and emptied there is a cyc]ic exposure -
of the internal surface of the tank to cultures of the bacter1a and

the atmosphere (oxidative). The 1nvest1gat1on reported here1n was

aimed at de11neat1ng the effect of such cyc11c exposure on. the corros-

ion of 1ron/stee1.
Byg mediwn: Table 20 shows the corrosion of mild Steel codpons

when cyclically exposed(to cultures of Isolate #2Q0 in Byo and Butlin's

media and the atmosphere. The rates were calculated on the basis of

the actual period of exposure (12 days) to cultures of the;qrgahism.
Included (in brackets) are the corrosior rates.calculated on the basis
of the total experimental'period‘(28 days). | F

In th]S medium, the calcu]ated corrosion rate in un1nocu1ated

medium was again higher than in the inoculated med1um This observa-

tion had been explained ear11er as due to corrosive effect of

- dissolved 0, in the uninoculated flasks. The calculated corrosion

d

rates in Byy medium were higher than those obtained in the same medium

under the conditions of static or semi-continuous cultivation of
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TABLE. 20. Corrosion! of mild steel during cyclic exposure to cultures
: ™~ : ‘ o

of isolate #200 and the atmosphere.

Corrosion rate

Experimental condition mdd? ' ~ mpy3
' ‘ ‘B‘IO med'ium ‘ .
Inoculated 30.92+1.71 (13.25)  5.06+0.28 (2.17)

Uninoculated  65.50+1.89 (28.07) 10.71:0.32 (4.59)

‘Butlin's medium

Inoculated ~104.95+5.68 (44.98) 17.17:0.93 (7.36)
Uninoculated - 68.6514.69 (29.42) 11.22+2.40 (4.81)

1Corrosion rate calculated on the basis of the actual immers{on time in
the culture. 'In S;acketsiaﬁeiéhéwn (for comparison);ihé corrosion
rates‘calculated on the basis of the total experimental period.

" 2mg/dm?/day . | |

3mi1-penetration/year
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Isolate #200. ‘- - R K
'ButZin’s mediwn: The corrosion rate of 105 mdd was very high; - \
significantly htgher than was o%taihed under any condition in static
and semi-continuous ou1tures‘of*%he'organism.

w 'Durihg the atmospheric exposure of the previously immersed
‘coopons,\they became covered by a 1ayer of ye]]owish-brownucrust which
could not be easi]y'soraped off. After each submersion in the cu]tureA
of Isolate #200 this- “crust of corros1on was removed in the culture but
was reformed dur1ng atmospher1c exposure of the coupons. It was’
thought that the yellowish-brown crust formed on the coupon exbosed to
othe atmosohere was an Fe(III), probably the oxide. When~immerSed in
cu]ture of Isolate #200 this Fe(III) covering Was'reduced to the more
soluble Fe(II). The remove] of a protective Fe(III) crust by Isolate:
#200 woutd>expose fresh metal for'further atmospheric oxidation.
Therefore, by the constant reox1dat1on of coupon to Fe(III) and removal
of this. crust there was a continuous eating away (loss of material)
of the coupon wh1ch resu]ted in the appreciable we1ght loss. Since
‘\the corrosion rate ca]culated for th]S process for the experimental
per1od was s1gn1f1cant1y h1gher than those obtained with S2~ genera- -
tion,: 1t must be conc]uded that the ab111ty of Iso]ate #200 to. reduce
1nso]ub1e protective Fe(III) forms to the so]ub]e, non-protect1ve
Fe(II) forms is a very 1mportant factor in the corrosive effect of
this organ1sm
o Formation of Fe(III) coatings under natural conditions can be
expected to occur both under aerobic and anaerobic conditions, |
provided the environment ts oxidfzing enough. Proteetive,Fe(III)

forms can easily form in oxygenated environments due to oxidative
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effect of 0,. This situation‘was reported by Booth et oZ; (1963, 1965)‘
in iron/stee] buried in tidal waters of the Thames estuary, Onvthe
.other hand, under anaercbic conditions and in environments containing
NO3™, the NO,” formed by the reductieoiof NO;~ (during anaerobic c;”',
respiration) by microorganisms would oxidize Fe(iI) to the Tess
.soluble protective Fe(III) forms. When iron- -reducing becteria are
present the protectiveness of Fe(III) wou]d be lost because of the
formation of the so]ub]e >"Fe (1) forms provided adequate eTectron
donor was avai]ab]e In o11f1e]d operations fresh water injections
containing as much as 6 ppm’ of dlssolved 02 may be injected to
produc1ng wells to aid the recovery of 0il.. However, produced water
for such wells may have d1sso1ved 0, content of on]y about 10 ppb
Presumably, the initial 0, content of 6 ppm in the fresh water
injection ‘had been part utilized to ox1de iron of the p1pe system to
Fe(III). Since iron- reducing bacteria have been found in such systems
the situation similar to'the}cyclic oxidation of the coupon and
subsequent reduction by iron-r%pucing bacteriavcan be said to exiSt: :
‘Therefore, corrosion of pipeline systems due to reduction of any
-protective Fe(III) to Fe(II) can be exbected to occur in oilfields

- that employ fresh water injection for enhanced 071 recovery,
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The ferric irdn—reducing»bacterium, aAPseudomonas sp. designated
‘Isolate #200, caused the anodic depo1ariza£10n of mild steel. The intense
anodic depo]ar1zat1on of ﬁxld steel pass1vated by the ox1d1z1ng inhibitor,.
N0, , by act1v1ty of Iso]ate #200, indicated that {h1s organ1sm caused
the anod1c.dep01ar1zat1on by the removal of the protective ferric film.

" Corrosion rate, as measured in terms of weight Toss, due to-the
activities'of Isolate #200 was Tow. (when there was no susta1ned oxid-
1z1ng condition) and may not- s1ngu1ar1y be respons1b1e for e%e high
corrosion rate gbserved in Pembina'crude 0i1l pipe]ine system.‘ A very
- high corrdsion rate of 105 mg dm;é day ! of mild steel was obtained
during cyclic exposure 6f'the steel specimen to cultures of Isolate
#200°and the ‘atmosphere. This result further indjcated that the
»corros1ve activity of th1s organism wgs due to the removal of protect-
ive ferric f11m/coat Isolate #200 e&selg;hsed the transformation of
‘mild steel from the pass1ve to thé/act1ve states. Consequent on these'
observat1ons, pipeline systems, or any_/;he\_/pen/stee] structures,
-contamlnated by Iso]ate #200 (or s1m11ar iron- reduc1ng bacter1a) cannot
‘be protected by ox1d1z1ng 1nh1b1tors, like NO2 » which functlon by the
;tformatlon of protective ferric film. A]so, anodic protection methods,
}whith passivate by the formation of protective fefric\fiim, cannot be -
expected to be an effective protection against corrosioﬁ, in systems
contaminated by Iso]a;e #200 or similar ferric 3ron-reducing bacteria.

Pitting Eerrosion of mild. steel specimehs_in cultures of Isolate
#200 producing S?' indicated that this and like organisms are very B

active contributors to the failure of the Pembina pipeline system.
o .
- 321
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In the situation as it ex1sts in Pembina crude o0i1 p1pe11ne system
anod1c depo]ar1zat1om as caused by Isolate #200 would be expected to
complement cathodic depolarization due to sulphate-reducing bacteria

A3

known to be present. Synergistic effects on corrosion by the activities -

\ . 3}

of these two bacterial types (Isolate #200-like bacteria and SOQZ'
reducers) cannot be rufed out.» Interactions between different groups of
bacteria (as indicated by 'cascade system of $2° generation“)‘exist in
the Pembina crude oil system. The total corrosion picture in the Pembina
a‘, p1pe11ne system Js “complex, 1nvo1v1ng the 1nteract1on of d1fferent
bacter1a aerobic and anaerob1c Therefore the corros1on of m11d stee]

- due to iron-reducing bacter1a as determ1ned in this work ‘must be
considered as being add1t1ona1 to that. wh1ch may. be 1ndependent1y caused
by sulphate- reduc1ng bacter1a (or any.other group)known to be present 1n.

-~ the system. B

-

A re]at1onsh1p between co]orat1on of the cells, cytochrome content
and the ab111ty li reduce Fe(III) to Fe(II) by Isolate #200 has been
demonstrated Cells which possessed little or no demonstrable cyto-
chrome content had no colour and reduced neg]1g1b]e ambunts of Fe(III).

‘The inhibition of Fe(III) reduction in cells of Iso]ate #200 by spec1f1c

cytochrome 1nhjb1tors suggested that Fe(III)bm1ght be used as a term1na1

| electron acceptor in»this organism. The perpetuation of the lag phase
iduring Fe(III) reduction by the addition of ch]oramphen1co] (which ‘.

prevents the 1n1t1at1on of protein synthes1s) and the decline ot Fe(IIi)

reduct;on by osmotic shock have shown the involvement of an Fe- inducible
‘protein whose addition to washed shocked cells 1ncreased s;aghtly the
Fe(III)- reduc1ng activity of the previously osmot1ca11y shocked cells.

This 1atter character1st1c is reminiscent of transport prote1n factor

( . | "\ i ) r .
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as was observed in other organisms (Pardee et aZ., 1966). No signific-

ant Fe(III) redu,f:-:act1v1ty was present, under the exper1menta1

”cond1t1ons, in i Rell components.' Only the whole cel]s or 1yso-
zyme-treated'cei ?1asts) reduced Fe(III) unequ1voca]1y
Isold _jy d1str1buted hav1ng been found in a]]

Pembina'cl f*s flowing from Nprth Central A]berta to Montrea],

Quebec. T8 fdemonstrated that thi¢ organism (Isolate #200)

,produced ex; s Eggharide with which it attached to surfaces,of'cOUpons,
thus~enah1in; ;i maintain a successful ho1d~in the natural environ™
ment. Moreov;» ;iso1ate #200 has a.wide range of thSio1ogica1 activit_
ies, tor:examo? Etnutritional versatility which would enable it to |
"scavenoe and g ; ﬁ}n a wide rangexof substrates and modify the environ;
ment sUfficienth ;f affect the'integrity of any‘iron/ﬂteet structure.

Thus , the ab111ty of Iso]ate #200 to transform ferric iron [Fe(II1)] tib

\ferrous iron [Fe( éﬁi would change the redox potent1al Eh, to more.

" negative va]ues,wt _Jlﬁve iron (by the formation of the. more solub]e
vFe(II) forms); aé;”decrease the res1st1v1ty of any env1ronment condi-
t1ons known to engender corrosion of 1ron/stee1 in so1ls Furthermore,
the ab111ty of Isolate #200 to reduce 503 2" and 5203 ~ (Known Tnter;
mediates of $0,2~ reduction by~$042--red0cing'bacteria) wou]d.contribute
to the total $2” pool and, therefore, the corrosivity of such an |
environment. | | :. | I,
Thus, Isolate #200 has the capac1ty to cause and enhance the
corrosion of 1ron/stee1, It 1s, therefore, recommended that in the | /
aesay for corrosion bacteria in any environment, 1ron-reduc1ng‘bacter1af
or bacteria showing physio]ogical”activities similar‘to'lsolate}#ZOO
: shouId be considered in addition to the traditiona]'sulphate-reducing ’1

bacteria. - BT _ | o~
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"APPENDIX 1a - - SN
. » LY A
Byjg Medium _% o
LA |
K,HPO,, = 0.8 g
KHPO, | 0.2 g
 MgS0,°7H,0 02
 1NaC1 - 0.2 E
CMnSO, 0,001 g |
e o T ml of 0.1% solution
" NaMoO, . 0.001g |
- CaS0, (sat. soln) L;; R ml\\\\\_‘ .
Yeast extract (Difco) - 5.0 g -
Péptone(Difcq) |  v' .S'ng |
Fep0, - | 479 |
Distilled water ‘ ‘ . 990 m1 (to make up to 1000 ml)
I Y |

IMay be replaced with 0.4 g Na,SO,
4



AN

APPENDIX 1b

Modifjéd Butlin's medium (Jobson, 1975)

KHPO,,
*NH,C1 -
INa,S0,
2MgS0,,* 7H,0
3FeSO,+‘7H_20

Sodium lactate (60%)

Ygast extract'(bifco)
/D¥Stii1ed Qater

pH adjusted to

IMay be replaced with 1.52 g NaCl
20r - 0.1 g MgCl,-6H;0
30r - 0.07 g FeCl,*4H,0

0.5 g
1.0 g

2.0g

0.14g
0.1 9 
1.5 ml
1.5 ¢

1000 ml
7.2
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© CyF) Medium

APPENDIX 1c

B-g]yce&ophdsphate o 346 g
Tris . A ,I 1457
haCl o ;  . 4.67 g
MG | 1.07 g -
kel -/ | 1,49 g
MgCl, ° ‘f o 0209
KPO, T 0.09g
~ NapSOy, R O A
o CaCl, ) - 0.039 . B
“FeCl; (ti‘;;// - - 0.005 g (trace)
~ Distilled water . 1000 ml. X
' adjusted with HCl to \ 7
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338.

g ‘ | APPENDIX 1d

Modified.Bréwer'S Medium (Jobson, 1975)

Beef eXtract~(Difco) o 1.0 g

' Yeasf’extract (Difco) 2.0 g |
Peptone (Difco) ' }_ - 5,09 , : )
~Sodium Tactate (60%) 2f5_m1 | |
Na, S0, 209 | |
Sodium‘thiégTycéllate 1.0 g’ (50 ml of 2% $01ution),
| FeSOu'7H20 . 0.10¢g | | ﬁ | |
Disti]]ed wafer'(enough td'bring.totaI volume to‘]bOb ml)

N

'pH adjusted to 7.2

S



Synthetic “(defined) Medium)

K2HPO,
NayS0,
NHC1

' CaC12-2H20

 MgSO0,-7H,0
1FeS0,-7H,0 -
| 2Siodiumﬂactaté (60%)
© - 'Distilled water

pH adjusted to

hY

0.1 g'

"~ APPENDIX le

0.5. g'
2.09 -

1‘0,9

0.15 g«
0.Tg -

1.5 -3 ml

. 1000 ml
7.2

o iFesogjreduced to 0.02 g;whene necessary to-avoid precipitation.

, 20r - any appropriate carbon source. -

&

T .
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APPENDIX 2

Fixation and embedding procedures for e]ectron microscopy

Reagents: (i) 70% g]utara]dehyde

(11) 0.1 M cacody]ate buffer, W1th or W1thout ruthenium
red (O 025 %, w/v) .

(iii) Propylene oxide
o 9 ,
(iv) Resin mixture: vinyl cyclohexene dioxide (10 g),
' Diglycidyl ether of polyprophylene
glycol (6 g),
Nonenyl succinic anhydr1de (26 g)
and D1methy1 amino ethapol (0.4 q).

4

Procedure :
(a) F1xat1on

(1) Comp]ete]y submerge specimen in glutaraldehyde cacody]ate
buffer mixture (5% glutaraldehyde in 0.1 M cacodylate
buffer), with or without ruthenium red, and 1ncubate for
2 hr at room temperature.

For ‘1iquid culture, prefix cells in 1 10 mixture of.
fixative and culture then fix in 5% glutaraldehyde-
cacodylate system

(i1) Centrifuge where necessary, wash 5 to 10 minutes in
cacodylate buffer, with or without ruthentum red.

(b) Post Fixation
(i) Form agar core by resuspending pellet in equal volume of
- 4% Bacto agar (molten'and cooled to 50-60°C). Suck up
mixture in Pasteur pipette and extrude the core as it

solidifies. Slice core into short cylinders and place
in vials :

(ii) Cover core with 2% osmic acid in 0.1 M cacodylate buffer,.
with or without ruthenium red, and 1ncubate in fume hood
at room temperature for 2 hr.

(c) Dehydration |
Dehydrate sample according to the protocol below:

30% acetone (30 minutes)



50% acetone
70% acetone
90% acetone

100% acetone -

‘100% acetone

30 minutes)

30 minutes)

30 minutes)

10 minutes

341.

Propylene oxide

(
(
(
(10 minutes
(
(
(10 minutes

)

)

10 minutes)
Propylene oxide )

(d) Infiltration

" FiN v1als conta1n1n the dehydrated samp]es with propy]ene
oxide- -embedding resin mixture ?3 :1, v/v) and incubate overn1ght with
shaking, at room temperature.

(e) Embedding

(i) Remove core and blot off old resin with absorbent paper
(filter paper) and replace core in new resin; incubate
for 3-4 hours.

(i1) Transfer core to. capsule and fill with resin and cure
“- (at 60°C for 8 hours).



Typical data used in plotting po1arization]courv@§;‘ The data shown

s

APPENDIX 3a

below were used in plotting Fig. 55. Incubation time: 0 hr.

© 362,

Cathodic Polarizatidn

Anodic Polarization

~ Current deﬁsity

Current density

Potential (V) (mA cm 2)
-0.110 0
-0.135 0.005
-0.160 0.008
-0.185 0.012
-0.210 0.018
-0.235 0.025
-0.260 0.032
-0.285 0.036
-0.310 - 0.041
-0.335 0.043 .
-0.360 0.046
-0.385 0.046
-0.410 0.044
-0.435 0.040
-0.460 10.033
-0.485 0.028
-0.510 10.027

+0.290

Potential (V) (mA cm”2)
-0.11 0
-0.085 0.008
-0.060 0.011
~-0.035 0.013
-0.010 0.014
+0.015 - 0.015
+0.040 0.015
+0.065 '0.016
+0.090 0.016
+0.115 0.017
+0.140 0.021
+0.165 0.032
+0.190 0.058
+0.215 0.110
+0.024 0.217
+0.265 --
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APPENDIX 3b

Incubation time: 24 hr,

Cathodic Polarization Anodic Polarization
_ Current density ' Current density
Potential (V) =~ (mA cm”2) _Potential (V) (mA cm 2)

-0.500 0 ' -0.500 0
-0.525 0.017 - -0.475 - 0.018
~-0.550 0.028 -0.450 0.027
-0.573 0.040 -0.425 0.029
-=0.600 . 0.047 ~ . -0.400 0.028
-0.625 ~ 0.054 - - -0.375 0.025
-0.675 0.065 -0.325 0.028
-0.700 0.072 ‘ -0.300 0.033

- -0.725 0.079 o : -0.275 0.039
-0.750 0.089 ~ -0.250 0.046
-0.775 0.094 - -0.225, 0.056

- ~-0.800 0.105 : -0.200 0.068
-0.825 0.117 ' -0.175 0.082

© -0.850 ' 0.140 ‘ -0.150 0.097
-0.875 0.164 . -0.125 0.1

-0.900 0.206 “ ‘ -0.100
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APPENDIX 3c

Ihcubation time: 48 hf.

_Cathodic Polarization ~ Anodic Polarization

Current density. - Current density
Potential (V) (mA cm™2) " Potential (V) “(mA cm 2)
-0.280 0 -0.280 : 0
-0.305 0.014 =0.255 -0 0.023
.-0.330 0.019 - -0.230 0.035
-0.355 0.025 -0.205 0.047
- -0.380 0.032 -0.180 . 0.058
-0.405 0.039 . -0.155 0.070
-0.430 0.046 ® -0.130 0.075
-0.455 0.053 : -0.105 0.082
.-0.480 0.060 -0.080 0.091
~-0.505 0.068 -0.055 0.096:
-0.530 0.075 -0.030 0.105
-0.555 0.082 L -0.005 0.112
-0.580 . 0.086 +0.020. 0.117. .
~-0.605 0.090 +0.055 . .0.124 ,
-0.630 0.092 +0.070 10.129 .
-0.655 0.096 +0.095 '0.136
-0.680 -- +0.120 -0.143

Sy,



Incubation time: 96 hr. -

APPENDIX 3d
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Cathodic Polarization

Anodic Polarization

Current Density -

Current density

Potential (V) (mA cm 2) Potential (V) (mA cm 2)
-0.520 0 -0.520 0
-0.545 0.017 -0.495 0.023
-0.570 0.026 -0.470 - 0.035
-0.595 - 0.033 -0.445 0.051
-0.620 0.039 s -0.420 0.070
-0.645 - 0.045 -0.395.- 0.086
-0.670 0.051 - =-0.370 0.105
-0.695 0.058 -0.345 0.131
-0.720 0.065 -0.320 0.154
-0.745 0.074 -0.295 - 0.182
=0.770 0.085 -0.270 0.215.
-0.795 .0.098 -0.245 0.250

©-0.820 0.118 : -0.220 0.292
-0.8 0.145 -0.195 0.339
-0.870 - 0.183 -0.170 - 0.386
-0.895 . - -0.145 0.437
~0.920 -- -0.120 --
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~ APPENDIX Ze

Incubétion time:- 168 hr. ¢
; Cathod'ic Polarization - \ Anodic Po]arizati’on |
. . Curbenfc density o . Current density
| Potential (V) (mA cm™2) o ‘Potential (V) (mA cm 2)

-0.390 0 | -0.390 IR B
-0.415 - 0.013 -0.365 - . 0.030. »
-0.440 0.019 S -0.340 ; 0.042

- -0.465 0.023 o - =0.315 0.051
-0.490 0.030 - . =0.290 0.061
-0.515 0.034 - -0.265 0.070
-0.540 0.039 o -0.240 - 0.082 .
-0.565 - 0.044 ‘ . =0.215 . 0.098
-0.590 - 0.049 -0.190 0.110
-0.615 0.054 - =0,165 0.133
-0.640 0.058 + =0.140° 0.159
-0.665 0.065 -0.115 0.199
-0.690 . 0.068 ' -0.090 0.250
-0.715 . 0.074 : -0.065 -0.327
~0.740 0.080 . =-0.040 0.432
-0.765. 0.089 -~ -0.015 0.572

-0.790  0.098 40,010 --
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Miscellaneous determinations

~ Density of mild steel coupon (av.) _v‘ 8.8.gcm3

Surface aréaiof mild $tee$~coupons (av.) 0.14 (0.137) dm?



