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Gram negatrve, faoultatrVe, aerobtc bacteria capable of usmg ferric ut)in, 'tl)lo’l llfate

or sulﬁte aselectron acceptors under anacrobnc t(ondrttons were readrly 1solated from oil

field ﬂurds in north central Albu‘ta These bactErxa are Wtdely di%tnbuted represenung a
. major component :t:vpto 39%) of the recoverable aerobic bacterial populatron in sothe orl
L fjelds and "have been xmphcated in the corrosron of metal in the orl field environment.
‘_: ~Morpholog1cal and btochenltc?! Mata support the classrﬁcauon of these 1solates as strams |
. of Altéromonas putrefamens (mol% G+C 42-56). “THe 80 isolates charaotcnzed expressed
a marked degree of halotoleram‘ﬁ. as somz~ grew in the presence of 7‘(5% sodtum chlonde

[ind

- and some grew well at 4°C. Isolates representthg all of the four DNA. homology groups
of A, putrefaaens were 1solated from orl field Huids. All 1solates reduced soluble ferric

~

o

tron at approxxmately the same rate (7*5 to 42.5 pmol Fe (Ii)/h/mg protem) Those.

R .

1solates tested also were ablc 10 x:elease ferrousions from vanous forms ot"lnsoluble ferric
. .iron. omdesrwnh amorphous oxrdes being reduced preferentrally to crystallme oxtcfes

Data are presented on hydrogen su.lﬁdc groductton dunng anaerobtc gro%vth and sulﬁte '

-~

R

’ reduction by four isolates Analysis of the sulfur isotope composition (834'8'5 of the "

~

evolved sulfide shows normal and inverse 1sotope fractionation patterns characterrstrcs of '
a dissimilatory sulﬁte rer%cuon pathway The abrhty to reduce femc oxide and produce .

sulfide, and therr ubrqurtous pre/ ence jin the oil, ﬁeld envrronment mdrcates that these
. W
bactgria could conmbute to corrosion of metals. -used in the oil 1ndustrys o

5

The role of iron reducmg Bactena in the corrosron process and their effectson ‘-

“corrosion by sulfate-rcduoing bactena wasmvesngated by following the attachment to and

corrosion of mild steel coupons. Pure and mixed cultures.of A. putrefdcié‘;ts isolate Ps, "~
A_r

- 200ahd a sulfate-reducmg isolate Desulfovzbrto vulgans AL1 were grown in drffcrent o i

e —

" media unQer continuous culture condmons Generally, even if good growth and sulﬁde

P

>

.27

N %
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' gcneration occunod in thc cultunc, h;gh cogrosion fatcs and extensive con'osxok\uere only )
obscrved in the cases where the scanmng electron tmcroscopy stughcs showed atmehment

of the bacteria and the formation of a plack iron sulfide-nch bxofoulmg layer on the -,

3
*

surfacc of the coupons Localized con'osxon was seen undcr looscly adhering areas of the

R

: bloﬁlm Growth in mixed culturés o both 1solatc Ps 200 and the SRB gmatlxraffected
the amount of blofoulmg whlch dcvclopcd en coupons in the dxffercnt medla uscd and -
hence_the dcgme of ¢ coxrosxon observed, as qompared’to that obsq(v.cd in monocul;ures. |
‘The p¥es¢ncc of yeas;t extract ina medlum resulted in a oembase in the amount of biofilm
formauon whereas an increase in bxofoulmg was seen in'a. mcdxum wnhout yeast extract
The hlghest corrosion ratc (22 7+1.3 mgdm" -2 < day” lora2 mils pcr ycat) and noncablc .

. pitting of the coupons was ochrvcd with mixed cultures in the abscn_ce of ye@st extraCt,k \
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I INTRODUCTION
Bactena are closcly assoclated with many. aspects of pctrolcum pnoductmn (Davns
1967 Chatcrand Qomenpllc 1978 Moses and Sprmgham 1982; Atlas 1984) and are
important in the corrosion of mctal used in oil field systcms chroorgamsms. especxally
: sulfate-neducmg bacteria (SRB) have.a widespread i impact in the petroleum mdustry by
conodmg plpclmes oil storage tanks pumpmg and water 1n_|ccnon systems, steel casmgs
_ and refinery. cquxpmcnt The costs of corrosion are sxgmficant with an estlmaled 50% of
plpelmc farlurcs duc to biologically enhanced comosnonrand billions of dollars Spcnt cach

ycar rcplac g and mamtammg pxpclmcs (Mxl‘cr 198% Kendrick 1984) The true extent of

; rmcrobxal corrosion problems i is only slowly being recognized, and was the subjcct of a
' Natifr‘ssociation of Corrosion Engincers confcrcncc in 1985 (Dcxtcr 1986).

: R .1
: éulfatc~reducmg bﬂ'ctcrxa are the precmlnent ‘bacteria rCSponsnblc for corrosion <

problems and most research concerns the mcchamsms of anacroblc corrosion of iron and
_ steel by these orgamsms. These bacteria, howcvcr, rgprcscnt only apart of the ﬂora

associat'ed with-oil pro'duction as, in additidn to' the cl.assiaal co'rrdsion-causin g‘ SRB,
large n,umbers of facultative and: aeroblc orgamsms are also 1solatcd from pil, prodl;ccd )
water and corrodmg pxpc (Wcstlakc and Cook 1978). Among the dcﬁcncncncs in
corrosjon rescarch identified by Pope ct al. (1984) was the need to understand thc roleof
these othcn 6rganisrns in n\it:fobioldgi‘cally _inflncnced ,corr_dsion, théif mechanisms of |
Ny corrosion and to study their i»ntcracti.on'wi'tn the S_RB_in mixed commUnitics\. ‘
) Corrosipn has'been defined by Fontana and Greene (1978) as the de's‘tmctjbnj)nf a
matcrial through reaction with 1ts énvironrnent' Corr.osi'on as‘a stricd} clécuochcmical

| process, mvolvcs thc mamtcnancc of an clectmchcmxcal cell, on mctal 1mmcrscd in an )
‘ elecrrolytc in Wthh the an%hc rcacnon mvochs thc oxiddtion and dlssoluuon of the

metal and the cathodic reaction rqqu;rcs a rcducnqn reaction. Possible rcductants are
oxysgen, under acrol)jc - conditions, hydrogen ibns'u?der acidic or anaerobic cbnditions nr ‘

L .
! \ ;

i
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. pessibly reducible metal ions in solution ( i.e. Fe3*+ e -> Fezf),’
ANODE  FesRte2e ¥, .

* CATHODE .| Oy+2H,0+4e >4 OH- aerobic/neutral
. ' . . * N ’ ’ .
\ o : - \ " 2Ht +2e” > 2H- ->Hy acids/anaerobic
. " A A . ) . . \ . ! . - " )

{

~ The electrochermcal reactxons must proceed sunultaneously and.be sustarned for an

extended penod at the: anodtc (corrodmg) and cathodrc zones on the metal surface for
" corrosion damage to occur. : C A
N "~ Fontana and Greene (1978), and NACE (1984),are two excellent referericé book

—

which discuss the background and theones.of corrosion. Some of the basic concepts
, important to the unders/tandmg of rrucrob1ol§g1cally mﬂueﬁ:ed corrosron-wxll.be o
" discussed briefly As a metal oxid'iz};s . thin layer of oxide or corrosion produc't may o

bulld up on the surface. The small amount of‘ generahzed corrosron whlch occurs can N

4

prevent further ox\ldauon through a process referred to as passrvatlon For example

"

passxvatlon by the formanon of a thm oxrde layer is the basis for the cdfroswn resrstance

¢
_’ 4

of stamless steel. Pitting corrosion can- take place if this protectlve layer is dlsrupted
(depasstvanon) in locallzed areas. The exposed metal surface becomes the anode and

| corrodes, while the remaining surface functmns as the cathode Oxygen is qu1ckly used

- up msxde a corrodmg pit’, whlle the out51de Qathode is still aerated. The hydrogen and — ‘— :

chlonde ion concentranons inicrease msxde the pit and the process becomes autocatalyuc |
Srmllar mechamsms of corrosion are active in crevices or when deposxts are formed on.
the metal surface, where‘?soxrosron occuxs under the less oxygenated areas (anodes)
When' areas on yv: metal surface are under dlfferent corrosion condmons, oxygen

,conc‘entranon eells or other deferentml chemxcal concen’tranon cells form whtch create

‘¢
very con'oswe condmons and accelerate the cormsmn process Galvamc corroston can

. take place when two unhke metals are in contact, where one is more eastly oxidized than a

[P
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thq other and becomcs the anode (corrodcs) whxle the othcr acts as thc cathode. M\,
chroblal corrosnon does not mvolvc any pew mu%hamsms of corrosnon but refers ,
to thc mvo{vcment of the mlcmbes in initiating ‘and accclcraung the clectrochermcal

process In fact bactenal corrosion is most, obvxous under coud}\ttons that were not

- originally expcctcd te—be-eorroswe, such as in fresh water at neutral pH or undcr

'anaerobxc cond}uons with’ underground plpcs For cxample. accordmg to thc classncal

cathodxc depolanzauon thebry (Von Wolzogcn Kuhr 1961), SRB may be dncctly -

, rcspons1ble for enhancm g corrosion anacrobxcally by removing the cathodxc hydrogcn ;
which builds up owmetal surfaces. Many ty’s of organisms have becn 1solatcd from i
suspcctcd mlcrobial corrosxon sxtes (Stoekcr 1984) and thgy;néus corrosion T °
mechamsmq, mcludmg those for lroh-ox1d1z1ng and sulfur-oxxdlzmg bactena, have bcen
rcv1cwed by Popc etal. (1'984) A number of compxled lists of the gencral mcchamsms of
blologlcally ,mduced corrosxon have bcen preparcd (Mxller 1981; Pope et al 1984; Txllcr

| 1986 Dcxter 1986; Ford et al. 1986) and they include the followmg IS

(1) Direct influence on thc c'athodxc or ahodic reﬁi:uou. ie. 1ntcrfcrcuce with the |

cathode reaction under oxygcn-ﬁ‘cc conditions by the organismé (SRB) and

. metabglic sulfides. - . ) i ‘

: (25 Cfcation :of differential aeration cellc or chemical concentration ccllsa‘by-_ .

y absofption of nutrients (i.e. O;) by gro\f\/ing microbial dcpositu on the me;al Surfa_cq *
’or“- formution o@gal\;anic couples auddon couccntration, cells by ch'elatiou of mc(al

ions.

) Produc‘uon of corrosive mctabollc products such as. orgamc or morgam/\c:lds °

and sulfide. .
4) Prevcnuon of the formauon or dcstrucuon of passive or protocuvc films.

(5) Dcstmctmn or macuvaﬁon of corrosion inhibitors, blOOldCS, coatmgs or .
3

3

: lubncants Bloﬁlms may also prevent corrosion inhibitors fmm reaching active .

corrosxoa sites ¢ on the metal. B , ‘ o



Among the facul-tative isolates ﬁ'equently%und in fluids produced fmm oil frelds
‘using water ﬂoodmg techmques are gram negatrve, facultauve pseudomonads capable of

anaerobrc growth usrng a few low molecular weight carbon sources (e.g. lactate) and

—femc iron or partially reduced forms of ‘sulfur, but not splfate, as an electron acceptor

. (C O Obuckwe. 1980. Ph.D. thesis, Umversr&of Albena Edmonton, Alberta) When

growing aerobically, these strains ar®able’ to use a\wde range of carbon sources to

—— —

support %rowth ‘Suchisolates are aerobes, o;udase-posmve, nonspore-formmg, motile

. 'rods with a polar ﬂagellurn and were class1fied as being members of the genus .

Pseudomonas Me 1mphcatlons of the actlvmes of this group. of orgamsms in thew
corrosron of metals used in the petroleum industry has recently been rev1cwed (Westinke
etal, 1986). Olj%uekwe (Ph.D. thesis) extenisively stud1ed the’ charactensncs of the iron
reduction system (Obuekwe et Q%Ia Obuekwe and Westlake 1982a, 1982b) and the
"‘generatlon of sulfide (Obuekwe et al \1983) by these bacteria. ' In a series of corrosron :
, studlcs Obuekwe et al (l981b 1981c 1981d 1983, 1987) concluded that. this type of

‘bactena could contnbute to corrdsron by: i .

‘ I Anddnc depolanzatron by rcducmg antf"d;sruptmg the protective femc iron
. , films on the metal R - .

| L ﬁncreas(u\g]he ferrouls iron concentratmn by reducuon of femc iron compounds -

thus i mcreasrng the productlon of iron sulfide.

JE
o

_ (3) Attachment to and colomzaﬁon of the metal surface by exopolysacchande

~

S producnon thus creatmg dlfferentlal aeration and concentmuon cells. .
. () Creatmg reduced conditions for- the growth of SRB under the a‘hached broﬁlm
- (5) Enhancmg sulﬁde productmn using mtermedxates of sulfate reducuon possrbly ,

" in synergy with the SRB m.mxxed consortia. . = ' | .

7 A}

~ There isdittle information availablg about the distribution and characterization of

-

° .
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1ron -reducing bactena However before these orgamsms can be implicated in cqmston

~ of pipelines, productlon and storage eqmpment thelr occutrence in the orl field *

-environment has to be investigated.

®

) In addmon to their potentxal role as corrosnon-causmg bacteria, it is important to

evaluate these orgamsms in terms of thexr rqle in blogcochemncal iron and sulfpr cycles. * .,

- Obuekwe's isolates have Yeet reported to have an exceptional ability to reduce ferric iron

and the inechanism £irOn reductron by one 1solate, Ps 200, has been mvesugated by

, Arnold et al. (19863, M) Obuckwett al—(1983) mvestlgated sulfite and thiosulfate *

. reductlon by straing of these bactena, and pg)posed a cascaﬁ@theory of sulﬁde
generatron based on a dlsstmllatory sulﬁte reduction pathway in thcse orgamsms Sulfite
and thlosulﬁte reductxon have prevxously been reponed for SRB (Postgate 1984),
clostndla (Lalshley etal. 1984) and fermentauve orgamsms such as Salmonella spp and
Proremm et al. 1975). The nature of the sulfite reduction by facultative °

aerobic strains needs to be 1nvest1gated Do they use a pathway sxrmlar to that used by

o ‘grow anaerobically in synergism wrth other bacteria?

(haracterization®and 1dent'f ation of these bacteria would-help to determine if organisms

- with the combined abilityo reduce femc u'on and sulfite are metabolxcally a unique type
. a
L, of bactena and to compare the distribution, charactenstlcs and economic activities of the ,

oil ﬁeld 1solates to known strains of bacteria. ‘ ; . - 3

This study, therefore, was undertaken to investigate the role of iron- reducmg
< r
bacteria in the corrosion process and to determine their influence on the corrdsion by SRB
- V - . .
in mixed cultute. The objectives were:

B

. (1) To study the dlstrlbuuon and oocurence of iron- rcducmg bacteria in produced

‘water and oil samples from producm g oil fields-in Alberta

-
[}

(2) To 1solatc, characterize and identify strains S1mt}ar to Obuekwe's organisms to
confirm a"correlation betweeh iron reduction and S/lilftde generatign by thes%,babteria.
N (3) To compare the rates of ferric iron reduction of Obuekwc's' isolate Ps 300 to’

& N . / )

<
-
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), L
iron oxides.

. ™ + i
-
~
.

" the new straips isolated and to test their ability to reduce various forms of ir]s,ol\ublc ferric

~ . .
~.

- . ~

4) To test 1solatcs for thc ablhfy io reducc sulfite and t.hlosulﬁtc and to evaluat& rj

- selected 1sola(cs for thclr ability to fmcuonate sulfpr 1sotopes during anacroblc growth and

A

sulﬁte. rcductlon ' L. , -

(5) To assess the abll‘lty of 1solate Ps 200 to attach to and corrode mild steel
' -
coupok in pure and ngxxcd culturc thh 4 strain of SRB, in continuous culture ‘(mdcr |

1ron~rcducmg and sulﬁde-gcncratmg conditions. ‘ i

LI . :
~ . .
* \ . ~ \
e
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I LITERATURE SURVEY I

A. BIOLOGICALLY-INFLUENCED CORROSION

[

N — —

Our interest in microbial corrosion fzcuscs on }hc pctrolcum mdustry m West

‘ Canada Extcnswc pipeline systems t

" with stomge facilities, such as Intcrprovmclal Pipe me (IPL) Tc ’ ; ‘
Alberta, Canada which then transpert oil to refineries in eastern :‘i’? and the US." ;'??*
Pipélinc failu‘rcévduc to corrosion result in appreciable ccononﬁc loss to fhjs industry.
Frequent com)sion problems have been r.ccbrdcd in pipélincs z{nd productibn
'equ1pment in oil fields usmg scoondar‘y recovery tcchmqucs such'as water.injection to
mamtam oxl producuon Cormsxon failures in thesc areas are associated thh alarge -
bacterial load which probably contnb{utcs to the corrosion (Westlake and Odok 1978).
Extensive monitoring of fluids fro;n Erodijcing wells, pipelinesnd storage tanks in oil ‘ '

- fields such as Pembina in northern Alberta over the past 10 years has shown a constant

occurrence of a vari y of bacteria (C.d. Obuckwc, Ph.D. thesis). In addition to the
ever-present an crobic'SRB there w'as a thri\;iiag popuiatibn of aerobic and facultative
anacrobxc bacteria. Microbiological survcys of the IPL systcm from Edmonton to

i fouﬁa u'on-reducmg, sulﬁdcrgeneratmg bacteria throughout the systcm

' ¢ and Cook. 1976. University of Alberta, Edmonton, Unpubhshcd data).
Iron-reducers were thought to enhance c;orrosion by solubilizing iron atoms while
sulfite-reducing .béctcria v:/cre impiica-tcd in corrosion by énhancing 'sulﬁdc generation in
thc system. ‘High corrgsion ratcs in the field are hkcly duo to the actmty of the mxcroblal
community acting togcthcr to accclcratc cormsnon (Wcstlakc and Cook 1978). Rc¥earch
was undertaken in an attempt to understand thc corrosive activities of othcr componcnts of
the.mixed microbial commumty in the overall corrosion process (C.0. Obuekwc, Ph.D.

¥
thcs:s)
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The problems assogiated with SR in the oil industry have been déscribed by many.
Autho;s- (NACB_v 1982; King and Stott 1983; Hamilton 1983b; I\;erson and Olsorf1984;
Kendrick 1984; Postgate 1984; Machll and Hamilton 1986; Sandcrs and Hamilton
1986; Dewar 19_§6; King et al. 1986; Cord-Ruswisch et al. 1987). Microorganisms,
especially Si{B, -havc a widespread i;npaf.:t on the petroleum industry by g:orfodin g
pipelines, oil'étorage tanks, pumping and water iﬁ&ﬁon systems, steel casings and
réﬁnéry epuipment. ' They are also implicated in souring the oil formatién's‘aﬂd pétnoleum

produ;:ts, thus increasing the cost of hydrocafbon recovery. The hydrogen sulfide

produced is also highly toxic and thus a potential health problem for oil field workers. |

.Bacterial products can also cause plugging of the oil-containing formation. _ i

The role of SRB in corrosion has been ext®nsively studied and these bacteria are
monitored in, thc;oil field fluids as an inde.)'( of the presence of corrosion-causing -

organisms. Extensive literature exists on the possible mechanisms of corrosion by SRB: -

these ﬁmcchanisrﬁé have been the subject of many excellent reviews (Miller and King h

1975; Iverson 1981; Miller 1981; Cragnol'ino and 'hiovinen 1983; Tiller 19‘82,‘1983,

19.86). Their activity is related to the maintknance of a corrosion cell by thé production of

corrosive ferrous sulfides (Booth et al. 1967; King and Miller 1971; Mara and Williams -

1972; King et al. 1973a; Ki‘ng and Wakerly 1973) and the uptake of cathogdic hydrogén :
by hydrogenase activity. The proof ef the classical cathodic, depblgrization theory
advanced by_kvon Wolzoge‘n Kuhr (196 has; been reviewed by Miller and Tiller (197 1)

?

" and Tiller (1982, 1986). Electrochemidhl studies have shown ‘that céﬁosion current is

proportjonal to hydrogenase acﬁvity in low iron medium (Booth and Tiller 1960, 1968;
Booth and Wormwell 1962; Iverson 1966). Howcv?r, in high iron lL'nedium, ,\ ’

; 3
hydrogenase-negative strains had the same corrosive activity as liydrcécnase-positive

¢ strains if unprotectivé films of iron sulfide formed (Booth e,'tﬂag 1967, 1968). ~Rcccnt
. .- F2 2

- studies have proven that hydrogenase-positive Desulfovibrio can use cathodic H, from

'/



*‘metal as energy source for growth with acetate (Hardy 1983; Pankhania et al. 1986a,
1986b; Tomei and Mitchell:1986). Costello (1974) proposed that the reduction of H,S
was the more impopant cathode reaction which caused cathodic depolarization rl_(thcr than

the reduction of H* to Hy. Howeyer, all of the possible cathode reactions which are

suggested for sour gas environments (Oghhdclc and White 1986), involving the reduction

- of HCO3", H,S, HS or H, produte Hy, and thus could be influenced by SRB. Most

workers regard the mechanism of cathodic dc;')olai'ization.resulting fragn the removal of
' -, . -
important role of iron sulfides in

i\ydmgcn by hydrogenase as contributory to tilc more
corrosion (Miller and,Tiller 1971; Sﬁuith and Miller 1975; Millér ;nd King 1975). ‘

The role of ifon sulfides in corrosion has been reviewed by 'I."iller (1986, 1982) and
Hamilton (1985). Iron sulfides are also cathodic to the metal by absox;bing hydrogen and
can create a galvanic éorrosion cell between the iron and FeS. The model of king and<
Miller (1971) (Figure 1) incorporates both the role of hydroggga§c and the Fe°/FeS
galvanic cell in con‘osiont.’: Chemically prepared ikc\)n sulfides are corrosive to metal by
absorbigg hydrogen from the surfage (Booth €t al. 1968; King and Wakerly 1973), but
are not a pérmanent cathode and must be continually replaced (King and Miller 1971; ’
King etal. 1973a). If S§B are present, the corroéion cel is maintai'hcd by regenerating
the cathode throhgh the uscy'f. ;hc hydrogen in the. FeS matrix c;r by generating new FeS '
by producing sulfide. - : - o

The physical and chemical form of the iron sulfide film graatly affects the
corrosion rate, determining whether it is protective or unprotective to the metal (Margand
Williams 1972; King and W\akérly 1973). The properties of the various iron sulfide

forms (i.e. mackiniawite [Fe{_, S];- greigite [Fe3S 4] etc.) related to corrosion, are

reviewed by Smith and Miller (1975). When unprotective FeS films are formed, such as
in high iron medium, corrosion rates are vcry.high (Booth et al. 1967; Mara and Williams .

1972; King, Miller and Wakerly 1973b). In low iron media, initially protective films are
. 3 - : y o - . \ ,.,
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Figuré¢ 1. Proposed mechanism of anaerobic microbial corrosion involving iron sulfide. .
| . Based on Miller and King (1971) and Smith and Miller (1975). ~
» : :
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formed whtch may then break down and become unprotecuve The ﬁlm drffenenuates -,

" mto anodxc and cathodtc areas, w1th enhanced corrosxon takmg place under looser

adherent ﬁlms (Mam ‘l"' thhams 1972 Hardy and Brown 1984), D;fferenttatlon and
: —breakdown of the fi r’l‘ lbw u'on medium depends on bactenal acuvrty, perhaps by -
' A mcreasmg the sulfur content, whtch in turn changes the crystal structure of the FeS (Ktng
" aid Miller 1971; Mara and Willams 1972). - e
: Altematmg aerobtc and anaerobtc condxpons are extremely corrosive and tend to |
' -reflect the corroston condmons found in the ﬁeld (Harmltou 1985; Ttller 1986) Hardy | -’ _
~ ,and Brown (1984) reported that a subsg.nnal mcreaseun t:ortosmn takes place when
'.f‘ btogemc'sulﬁde ﬁlms are eXposed to alr whtch may account for the htgh corrosion in the
ﬁeld Newman et al. (1986) suggested that thtosulﬁte formatton, in’ sulfate medlum, ‘ ‘, \ |
_m\ght exp%{n: the pitting seen under aerated blogenlc sulﬁde ﬁlms Elemental sulfur e
produced by the oxtdanon of sulﬁde is also very corrosrve (Fatrer and Wormwell 1953,
'bchaschl 1980). The formatton of and corrosron by various- corl‘bswe sulfur anion |
i mtermedrates is revrewed by Cragnoltno and Tuovmen (1983) Oxygen concentratton
cells we)uld be acuve in aerated condtttons as well, where the metal shtelded by the
‘ ] ‘b_toﬁ'lm becomes anodtc- relauve to the exposed aerated cathode areas. o
| /rn addmonal mechamsm for corrosron by SRB mvolvmg a hl ghly corroswe,
‘ volatile phosphorus compound has been suggested by Iverson (Iverson 1981; Iverson
and Olson 1983 Iverson et al 1986) Black iron phosphldes were 1denttﬁed in corrosxon o :( :
< products 1solated from laboratory expenments usmg pure cultures of SRB in sulfate- free o
< “medium. The 1mportance of tl'us mechamsm in the ﬁeld and under sulfate reduc:ng ’ __
- condmons needs to be mvesttgated further. The appamnt controversy in the hterature
| concemmg whteh mechamsms are more stgmﬁcant actually emphasrzes the fact that

fcorrosnon in the ﬁeld is a very complex system thh the‘possxbhhty ofa number of

- _mechamsms funcuonmg in each srtuauon (Starkey 1986) : T. ‘-,'



The 1mportance of mrxed cornrnunmes of orgamsms m the corrosxon of metals has
been emphasrzed ina number of reviews by, Harmlton (fg&?;a, 1983b, 1985) However.

| only a few systemauc studies have been carried outon the effects‘:)f mixed populauons on

B D 4
“The charactensucs of SRB have been descnbed by PoStgate (1984) 'I’hey are

. corrogion by SRB (Gaylarde and Johnston 1982,1986).

ubrqurtous, bemg found in sedrments, mudsand sewage, as well as in oil producuon
transport and storage facxhues, where hydrocarbons are the pnmary f:ument “These
‘ orgamsms cann t use orl dnectly, so they depend on aeroblc, orl-degradmg bactena to .
R generate the sub trates for grOWth (Jobson et al 1979) The classwal SRB, 4
| Desulfov:brzo and Desulfotomaculum, use a hrmted number of low molecular werght .
“carbon sources for growth such as lactate, and produce acetate The recent studxes of
Pfenmg and Widdel (Pfenmg(et al. 1981) have descnbed a large number of new'
morphologlcal and physrologrcal types of SRB w1tﬁ a broad nutritional range, 'I'hey grow ,
on a wide range of orgamc compounds mcludmg benzoate and fatty ac1ds from acetate '
to lon’g cham acids. The 1mp11catrons of-these new phy51olog10al groups of SRB 1o -
’corrosmn study and monitoring has been revrewed by Hamrlton (1983a 1983b, 1985)
Sulfate—reducm g bacteria are present in oxygenated envrronments such as.the ocean, and '
vary in their tolerance to oxygt:,n (Cyplonka et al. 1985) but grow only under anoxtc
conditions. They are therefore dependent omﬂther bacteria to provxde a reduced
-, environment and surtaBle' nutrients for thelr growth and tend to.occur as components ofa
consortla" of orgamsms often u?“ the forsq\of a blofiln{ (Hamllton 1983a, 1983b, 1985
Costcrton and Geesey 1986 Sanders and Maxwell 1983) The mteracuons wnthm the
bloﬁlm are 1mportant to study if one is to control corrosxon and other problems related to -
the presence of SRB A model for development of blologlcal corrosion communmes

mvolvmg SRB on the surface of metal (Fxgure 2) was proposed by Hamrlton (1985) He

ooncluded that coreron processes have their onglns in the growth and activities ‘of

#~ .
/ ~ T
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#  Figure 2. - Proposed rclanonshlps between microorganisms growm gina bloﬁlm ona
metal surface (from Hamllton 1985) : VR
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| The 1mportance of biofilm to corrosijon has been emphaslzed by Hamxlton (1985)
Obuckwe et al.; (l981b) and Costerton (Costerton et al, 1981; Costerton and Lashen
1984, Costerton and Geesey 1986). Tiller ( 1982) concluded that mechamsms of h -
microbial corrosion are closely as'soctated thh the biofouling process o

Case histories of btologlcally 1nduced corrosxon descrtbed by Kobrin (1986)

:Stoeker (1984) and Tatnall (1981a,198 1b) 1nd1cate that corroston occurs as locahzed o e
pitting sxtes under characteristic tubercles, deposnts or ﬁlms of bacterta Corros1on related oA
to SRB has been charactenzed by locahzed or pitting. oorrosxon beneath black iron sulﬁde \

. shme which, when removed reveals bright metal pits (NACE 1982; Tiller 1982

. Hamilton 1985). Testm g methods for momtonng for btologtcal corrosion in oil ptpehnes

. emphasize the'i 1mportance of testing for attached mlcrobes usmg surface evaluat:ton
techmques (Chen and Chen 1984; ng et dl. 1986 Costetton and Geesey 1986)
| Momtonng the number of planktomc bacteria does not give an mdlcauon of the numbers

or actmty of thea(thched populat_ton (ng et al. 1986 Sanders and Maxwell l98t

Maxwell and Hamtlton 1986) Effec‘nve corrosion control methods used in plpelmes
mclude scrapmg the surface (ptggmg) especnally In stagnant areas to remove depesits,
corrosxon prod}tcts and the attached bacteria (NACE 19753 Ktng et al 1986) Testlng
and use of btomdes for corrosion control must be dtrected against the attached populauon\

- ._-of bactena becauie of the re31stance of a btoﬁlm to bjocide penetration (Ruseska et al.

1982 Costerton and Lashen 1984). . R o o o L - ‘ '
| Gaylarde and Johnston (1980) studted the i 1mportance of attachment to corrosion

and showed that orgamsms andfor h) h molecular welght corroswe compounds must be a

“in mumate contaCt With the met:l for cohbsxon to oceur, Factors affectmg the adhesgon of { 2

bactena to. surfaces in relation to conosnon are revnewed by Duddndge and Pntchard
) ro Vg . '

e T
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(1983). In the model of King and Miller (1971) (Figure 1), iron silfides must be in direct

t

contact with the metal to act as a cathode. The requuement for direct contact of the FeS .
~was note@ecausc chemically prepared FeS showed greatest corrosxonon honzontal_
surfaces Tiller (1982) suggested that thlS was the only onentation in which FeS would
develop. However, an attached biofilm would hold the FeS j jn place in any onentation ‘
and FeS buﬂd-up ina bioﬁlm enhances contact between the anode and FeS cathode
(Herbert and Stott 1983) This may, in part, explam the incxeased corms\on seen thh
sulfide films of biogemc origin. = i _ L

~ .
A number of résearch groups, concemed w1th thé fonnatiorrof microbial films on

A metal have studied corrosion by orgamsms other than SRB using. tethmques c(esxgned to .«

study u“ndisturbed films. Exopolymer—producmg slime bactena have been recogmzed as

. being i unpo t to Corrosion by providing reduced rmcromches for SRB (NACE 1982). |
Bactenal d sits themselves can also create corrosxon condmons by. formmg diffefential -
aeration cells and concentration cells Exopolymers may have an indirect role in corrosion

by concenuatmg corrosxve metal ions (thtle et al 1986; Nivens et t al, 1986 White etal.
S

L]
1986 Ford et al. 1987) as well as by cneatmg 0,, HZS and H+ gradients which can drivc .

x
kY

corrosxon (Costenon and Geesey 1986) The thermophilic organisms studied by Lmle et | .

al (1986) and Ford etal. (1987) were found to form films on the metal and weaken the
passwe films. ThlS may mvolve the production of acid metabolltes Schiffrm and
Sanchez (1985) isolated a corrosxon-causmg Pseudomonas sp. from copper based alloys
in marine heai eichangers which they 1dentified as 4 strain of orgamsm.associated with

the sponlage of marine whiteﬁsh 'l"hey mvestigated the depolanzmg effect of

mmethlyanune (TMA) productJon and concludeu that slime formanon by these bactena S
L . . . . . . <L

. depassivates the metal "by limiting oxygen difflision to the surface.
* C. v L

-

h
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* {film, generated on metal coupons durmg nitrate reducuon (

18

Extenswe studies by Obuekwe (Obuckwe etal: 1981b; l981c, 1981d 1983; 1987)
on the corroslon-causmg abllmes of facultanve uon-reducmg bacteria were rev.lewed by— -
Westlalqretal (1986). These orgamsms produce exopolysacchandes (Obuekwe et al.. |
1981b) which mediate theu"attachment to the surface of mild steel coupons and result in
the formatio extensive mats of cells after extended mcubauon peribds.
| 'I'he pommon charactensncs of m11d steel coupons exposed to non-reducmg '
isolate Ps 200 were investigated (Obuekwe et al l981c, 1981d). These bactena affected
., the corrosion rate by the reducuoﬁof protective ferric oxide, ﬁln}s on the metal suxface,
causing anodic depolanzauon as a result of an mcmased acthty or number of ariodic

°

sites. The abxhty to reduce the msoluble, protectlve fernc iron forms to soluble fefrous
ions is very 1mportant in the corrosmn capabllmes of this group of bacteria.
Convincing ev1dence for the importance of anodic depolarization and film ~°

dlsrupuon was demonstrated by followmg the dlsrupuon of protective gamma femc oxnde
b - :

uekwe et al; 198 1d)

*

Corrosmn by mtrate-reducmg bactena (Ashton-ét al. 1973) curred under

| mtrate-reducmg condmons by producmg corrosive mtnte a protective gamma-ferric |
_iox1de coating was formed. After nitrate reducnon had ceased, the iron- reducm g actmty
of the orgamsms resulted in intense anodic depolanzauon and a concomitant mcrease in
corrosion rate, due to disruption of the film. The lncrease in corrosion frate followed an
mcrease in the anodxc current. The anodic depolanzauon of mild steel is due to the

: actmty of.the iron- reducers on the metal surface and results from their ablhty to remove
the passlvatmg ferric ox1de film. This exposes bare metal, thus making the metal more
actlvewand enhancmg its corrosion.- This mechamsm may be“most effective in the absence
of sulfide generation because sulﬁde chemlcally reduces the femc oxrde, thus disrupting
. the passnve layer and causmg anodxc depolanzanon (Salvenezza and Videla 1980; V}dela

1986) 0



' ’ \‘W&im 4y : ‘?‘
Cychc exposure to altemanng ~eu:robxc and anaerobit culture condntmﬁs)L”ulted m,

thc hlghest corrosion rates (C.O. Obuckwc, Ph.D. thesis). Alternate fomﬁtmn ofan’
ox1de coating on the mctal surface and its subsequent mmovalby the orgamsms in culturc
‘resulted in a corrosrori rate. of 105 mg dm'2 day‘1 (mdd) or 0.45 mm yélar

_ . In addition to thc ability to reduce ferric i iron, these organisms may also-be
irnportant by viffue of thejr ability to gcncratc sulfide. Prtnng of metal coupons was seen

undcr sulfide-generating conditions when 1solatc Ps 200 was provnded with thlosulfatc as

»

— -

a utilizable sulfur source in contmuous culturé. Removal of the blackscoatmg revealed
. bright pits onjthe syrfscc (C.0. Obuekwe, Ph.D. thesis); The synergistic interaction of )

SRB and facultative sulfide-generators may make an active contribution to the generation .

| ‘of hydrogen sulfide in oil field systems (Obuekwe /1983). A model for the = - N .
. ! ‘ : % - - " )
interaction of the aerobic, facultative and ahaerobic bacteria found in oil field fluids .

(Figure 3) was i)mposed by Westlake et al. (1986).

Corrgsﬁn study strategy : /

Several guidelines for corrosion study were suggested by Tatnall (1986) and

3

reltcrated by other scientists at the NACE Intcrnauonal Confercncc on B(bloglcally
L Induced Corrosmn (Dexter 1986). In laboratory corros1on 'studies, it is 1mponant to
) s1mulatc, as closely as p0551blc, the envuonments in Wthh corrosion takcs placc

. ‘, Corrosion investigations should be carried out wrth mixed microbial populauo'ns in

| order to assess the contributi_oh of other o,rgan'is'ms to the process, such asxoil-dcgrhding,“
biofilm-forming and sul_ﬁdé-gériératipé bacteria. Ideally, gxlturcs should be isolated from
actual microbiaf corrosion sites. Biological corrosion usually occurs in poor putrient
condmons i.e. near starvation condmons whlch greatly affects the physrolorgy"f e

» orgamsms and thcxr assocnaﬂon w:th surfaces (Morita 1982, Wardell ct al. 1983; chllbcrg

| 1»984 Fletcher 1985) Mcdla Zlnn organic matcna] and nutrients usually support frec

ﬂoatlrlg, not attached organisgas, so that a high nutrient synthetic mcdx_um{whlch supports |



oo
Figure 3. " Intefaction of aerobic, fécultative and anaerobic be}cte;ia present in oil field
<\ fluids in the formation of ferréus sulfide and the corrosidn of metals.
|- (from Westlake et al. 1986).

-
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good growth of the organisma-does not r‘ncccssarily produce microbial corrosion (Tatnall

1986). Dr.R.A. King, in a presentation at the NACE Mecting ?8’5’ (Proceedings: Dexter

1986) suggested that yeast extract, which is usually included in media formulations,

should be excluded from corrosion testing media because it "inhibits" corrosion. Most

corrosion studies have been carried out with anaerobic conditions imposed, but corrosion
* .

often océurs'under aerobic conditions beneath discrete deposits. Oxygen is often an
1mponant driving forcc in corrosxon (Hamxlton 1985 Hardy and Brown 1984) therefore
aerated conditions more closcly mimic thc natural ermmnmnt ’ P
Corrosion may be studied using clcctrochemncaf tecliniques, by mcasqn'ng the
weight lbss of metal specimens and by making»vqual,itaﬁ\;‘t_: obser\"ations ot‘“the surface
characteristics of the corroded retal (Champion 1565). When studying mic;rob\ial‘

. corrosion, it is important to look for Significant localized or pitting corrosion (not just

overall corrosion, determined by weight loss;‘tbrhldicatc that biological corrosion has .
taken place. |

\

¥

¢t . . . .
B: CLASSIFICATION OF GRAM-NEGATIVE ENVIRONMENTAL ISOLLATES

I a series of studies (Obuekwe ct al. 1981b; 1981c; 1981d; 1983) on the microbial
corrosion of metals by gram-negative, iron-reducing, sulfide-generating bacteria obtained
from oil field fluids, such isolates were classified as being members of thc gémis
Pseudomonas (€.0. Obuck»{/c Ph.D. thesis). Howeyver, one isolate, dcs:gnz_l/ed Ps 200,
had a mol% G+C content of 42 mol% which was lower that whlchdcﬁncs the genus

v

Pseudomorml (58 70 mol%) and thus the classification of such 1solates requxred furthcr

L)

investigation., " .

Gram-ncgatwc aerobic eut&xctena are readily 1solatcd from most aquauc and -
tcrresmal hab){ats mcludmg ﬂmgs produced from oil ﬁcld activities. The. evolutionary
relationships dnd the identification and classification of such bacteria have been

intensively investigated in the last two decades (Baumann et al. 1?72; Baumann and

22
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. Baumann 1981; Mandel 1969; Stanier 1971). The information obtained has resulted in _

the estabhshmgm. in Bergey's Manual of Systemath Bactenology (Baumann et al.1984),
of anew ,gcnus named Alteromonas, although it has not been assrgned to a family.

Members of this genus have the following chamctensncs cells are motile, have polar

flagella, oxygen 1s used as a umversal clectron acceptor, a seawater base is required for
growth and they contain DNAwith a G+C eonten\ in the range of 38-50 mol% (Tm,Bd).

This latter charactefistic clearly separates members of this genus from members of the.
[ ’ .

. genus Pseudomonas. - o .

Lee etal. (1977) carried out a numencal taxonomic study-of 26 marine and other

| ) Pseudomonas—hke bacteria, usmg blochemlcal tests gnd G+C content Included i thlS

survey were:strains of Pseudomonas putrefaciens 1sola_ted from seawater, fish and dalry

‘foods and Pseudomonas rubescens isolated from cutting oil (Pivnick 1955). The isolates

were grouped ;nto ﬁwW phenons two with greater than 55 moL% G+C were regarded as
Pseudomonas SPp. and three with G+C content between 43 - 55 mol% G+C were -

grouped as Alteromonas spp, It wa%om&dmLme lsolates of Derby and Hammer .

e —

s (193D), and many of those isolated from the sea and fish- which were previously classified

- as P. pu{refagzens (Long and Hammer 1941) andl’. rubescens (P_rvmck 1955), would be

more suitabfy classified as Alteromonas putrefaciens. -T‘!]is species, howeyver, is placed in
the category “species incertae sedis” and appended to the descnptlon ots the genus '
Alteromonas in the 1984 edmon of Bergey's Manual of Systematic Bactenology

'll'he minimum ¢hartactensncs for 1dent1ficat10n of an 1solate as a strain of A.

purrefaciens include: a gram- neganve reactton polar ﬂagella an oxidase posmve reacuon ~

X produénon of DNase and ormthme decarboxylase, and the abrlrty to produce hydrogen

:.}*

sulfide (Hugh and Gnlardr 1980). Two distinct groupmgs of this species have been'

reported: one unable to grow in 7 5% NaCl but wht h grow at 4°C and another with a
‘hxgher G+C content whrch is salt tolerant but unabl wat 4°C (erey etal. 1972;

Levrn,l972, Holmes et al. 1975; Owen} etal. 19‘[8).



v . e,

Isolau;,s of A, puirgfaciens are also distinguished from other pseudoMonads by their
ability to reduce trinicthylaxﬁinc oxide (TMAOQ) (Hendrie and Shewan 1\979), _& major B
reaction during anaerobic fish spoflage, in which TMAO»functioHs as a terminal electron
acceptor during anacrobic respiration (Ringo et al. 19842. Bacterial TMAO ;cduction has
been rcviéwed b@arrctt and Kwan (1985). This ability was thought to be wide spréad
among bacterial genera, but is limited to some Vibrio spp., Enterobacteriaceae, and "
Alteromonas sp’p asa resﬁlt of the reclassification of P. putrefaciens to the ge;ms
Alteron‘tonas Strams of marme A. putrefadiens do not require seawater basc for grc;\;n“h#
but studlcs of Stcnbcrg ct al. (1984) havaghown sodium was rcqun'cd for anaerobic
_ active transport of cépmn amino acids durmg TMAO rcducnon '

& .
Strains of A. putrcé'aczens are r?only important in the low temperature spoiling of
. | .
1974) and as clinical isolates (Hugh and Gilardi

marine fish and dairy products (Shew

kI‘EVE’UNQ are w1dc1y distributed in soils andhwater (Hugh and Gilardi 1980) They have
also been 1dcnt1f\cgas componcnts of mannc mlcrofouhn an:s (Zambon et al. 1984)
Strains have been isolated fmm machmc cuttmg oil emulsions (ﬁVmck 1955) and
alummum rolling null coolants (Hru 1976) Mlcroblal deterioration of machine oil '

emulsions and corrosion of machme part)«hés been reviewed by Hlll (197 1) and Genner

]

and Hlll (1981). Ilsuka and Komogata (1964) lsolated two strains from petroleum brines

in Japan Strains of these organisms are also w1dcly dxstnbutcd in oil field fluids

produced i in north central Alberta {C.O. Obuckwc Ph.D. thesis; Westlake et al. 1986;

g

Semple and Westlake 1987a). .

C. IRON-REDUCING BACTERIA 2 ‘ |
Iron reduction and the iron cycle have begn discussed by Ghrlich(1981) and

Nealson (1983). Iron-reducin g bacteria are ubiquito'us in soil, groundwater, lakés.aﬁd
marine én\;honmcxg}s; and are studied because of their importance in iron CyEIing'"and '

, \ - 4
making iron biologically availablqiin these environments. These organisms have the

-

3 L~
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ability to reduce fcrrfc iron, often found in nature in the form of amorphous or crystalline
insoluble oxidés thereby releasing the more soluble and mobile ferrous ions. Microbial
mineral transformation is important in agricultural soils because it affects mineral
availability, soil fertility and soil formation.
_ Ferrous iron mf¢asc is due to'the direct action of imn-rcduc.ing bacteria, coupled
v~ with substrate oxidation. Iron reduction has been found to be a major pathway in the

s

. " anaerobic breakdown of orgamc matter in anoxic lakes (Jones et al. 1983; 1984b), marine
o and estuarine scdlmcnts (Sorcnson 1982 Tugel et al. 1986; Loviey and Phillips
7 1986a,1986b) and soils (Kamura et al. 1963; Munch and Ottow 1983). Welp and
. Bruemmer (1985) used an iron (educﬁon test as a measure of the effects of toxic |

ché_micals on microbial gctivity in soils. Reduction of insoluble ferric oxides requires

~ direct cell contact (Tugel et al. 1986; Munch and Ottow 1982,1983; Amold et al. 1986b)

7/

and the oxide form infl:le?es the reducing ability with amorphous iron oxides being

4

prcferentially reduced lline forms (Munch and Ottow 1980, 1982; Lovley and
~Phillips l986a) Iro(:p{:::n that i is, the prsscncc of iron bound to specific llgands
also affected the rate of iron reduction by isolate Ps 200 (Arnold ct\gl 1986a 1986b).
The ability to reduce {cmc iron has been reported for a diverse group of organisms
(Orttow 1969b; Ottow and Gl'athg 1971; Jones et al. 1984a), rﬁanyvof which are facultative
nitrate-reducing bactcria Nitrate reductase may have iron reductase activity in some
o orgamsms but there is much cv1dencc for the existence of specific iron reductase systcms
(Hamman and Ottow.1974; Ottow and Glathe 1971; Ottow and Munch 1978; Munch and
‘ Ottow 1983). In addition, nitrate reductasc posqu organisms which do not rcducc iron,

/
and iron-reducers which do not reduce nitrate, have been isolated (Pfanneberg and

Fischer 1984; Jones et al. 1984a). Autotrophlc iron-reducers, which use H, for energy,

have been 1solated by Joncs et al. (1983) and Balashova et al. (1980). Iron reduction has
~been studied in sulfur- and iron-oxidizing bacteria like Thiobacillus ferrooxzdans (Brock

"and Gustafson 1976; Sugio et al. 1984). No other groups have reported iron reduction



' by A putrefaczens strams and Arnold et al (1986 a) neported that 1solate Ps 200 reduced

\

femc iron at consrderably hlgller rates than have been reported for other bactena 'y

The charactenstrcs of dtssrmrlanve iron reductlon in 1solate Ps 200 were extensrvely
studled by Obuekwe (Ph.D. thesrs) This drgamsm has a cell-assocxated iron reductase ‘
system whrch is induced in uon-contarnmg medium; is lmked to eleCtron transport and

- whose actmty is related to cytochrome levels in the cell (Obuekwe and Westlake 1982a).

. 'Inhrbmon expenments suggested a model of electron transport to Fe(III) via cytochrome b

- (Obuekwe et al. 1981a) ’I‘he relatronshrp between nitraté and iron reducnon was
explored by Obuckwe (Obuekwe etal. 1981a 5buekwe and Westlake l982a,1982b),

E who showed that iron reduction was enhanced for a short nme in mtrate-mduced cells and
.. that nitrate dld not inhibit m;greducuon untll nitrate reductase had been induced. 2

| Recently, Arnold etal. (l986a) reported the exrstence of a constrtutlve and an 1nduc1ble

iron reductase in lsolate Ps. 200 whlch they temporanly named ! P ferrzreductans" The

Y

E mducrble femreductas'e was formed under Jow oxygen condmons and was capable of i 1ron "

reducuon at rates one order of magnitude faster than the constitutive form. . They also.
| reported that constitutive iron reductlon was coupled to ox1dat1ve phosphorylanon -
‘whereas mduced reductlon was not.’ Models proposed by Amold ( 1986a 1986b) for the
electron- transport chain conﬁguratlon to femreductase are-sunllar to those found for A.
gutrefaczens from studles of TMAQ reducuon (Easter et al 1983 Stenberg et.al. 1984)
| D. SULFITE REDUCT ION AND SULFUR ISOTOPE FRACTIONATION

Cultures of A. putrefaaens are charao,tenzed by their abrhty to produce hydrogen
sulﬁde (Hendne and Shewan 1979 Hugh and Gllardx 1980) Of the commonly isolated
- sulﬁdc generatmg bacteria, facultatlve, fem\;entanve S}ams mclude of the genera Proteus
Cztrobacter and Salmonella (McMeelon and Patterson 1975 Oltmann et al 1975) A

e putrefaczens strams are the only non-fermentanve orgamsms that produce hydrogen :

-sulﬁde (Hugh and thardl 1980) However httle mformanon is avallable on the o |

~
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characterfstics of their ‘sulﬁde—generating-systems Some strains reduce both sulﬁte and :

| . thlosulfate to sulfide whﬂe others producg sulfide only from thlosulfate (Semple ‘and

Westlake 1987a) Qﬂhekwe etal. (195)Zudxed the mter‘acuon of sulfite- and
throsulfate-reducmg strams and proposed a "cascade of sulfide generatlon" N uch

ﬁorgamsms could contribute'to the overall sulfide generat10n capacxty present in crude oil
"deposits, in p1pe11nes and in’ storage tanks. ' . . S

_Laishley and Krouse (1978) clearly estabhshed the presence ofa dxssm’nlatory '

sulfite redueuon process*m CIostndtwn pasteurzanum and recently showed that it is
present in ﬁve other closmdtal specles (Lalshley et al 1984) They hypothesme that the
ablhty to carry out drsstnulatory sulfite reduction i is probably a char'actensnc of many :

clostridial ’spe‘cies These results clearly indicate that 'dissimilatory sulfite reductionisa

. process which is not restncted solely to the classncaI sulfate- reducers, that 1s, members of

. the genera Desulfovzbrto and Desulfotomaculum ,

| Advances in the ﬁeld of bactenal sulfur 1sotope fracttonatlon have been revnewed by

N
Chambers and Trudinger (1979) Sulfur 1sotope fractionation has been associated with

mlcroblal d@ssumlatory sulfate reduction (Hamson and Thode 1958 Kaplan and,
: thtenberg 1964) and has recently been stu‘dled with dlSSlmllalOl"y sulﬁte reducnOn in |
/Closmdzum (McCready etal. 1975; Lalshley and Krouse 1978) Isotope fractlonanon
studles have also been camed out with fermentatlve orgamsms such as Proteus vulgarts
"' %cCready etal. l?lO{and Salmonella herdelberg (McCready and Krouse 1979)

, The purpose of sulfur i lsotope fractmnatton studies is to define those reacuon

which alter thc sulfur 1sotope abundance in natural snuauons and to study mechamsms of

mlcroblologlcal sulfur transformatxon reactlons by exammmg the 1sotope fractronatlons )

reahzed( cCready etal. 1975) Complex 1sotope fractionation pattems with normal and .

mverse ' kinetic lsotope effects (where the evolved sulfur is ennched in 348 il ﬁ

companson to the I'CSCI'VOII' sulfur) have been reponed during sulﬁte reducnon in the L

'studles with Clostndzum SPp. (Lalshley etal. l976 7984 McCready etal. 1975) and

.

1
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Salmonella sp (McCre»ay and Krousc 1979, McCrcady etal 1980) These patterns are
7

prcdlctable and have bef;(n USed to dxagnosc the prcscnce of drssxmxlatory sulfite reductase
(Lajshley-et-al:- 1984). Thc objective of these studles was to gcneratt_: sulﬁdc ina closed )
- reaction system and to let mee,rcac;ion goto complction.. Collection of the sulfide at -
| intervals as it is prodﬂcd and monitoring the lnstantancous isbtope t:omposition ‘of the
rcacuon product rathcr than combmmg it all, generates complcx isotope fracponauon

pattcms l,sotopc fracuonatlon ip closed systems has been dxscussed by R.ecs (1973) and -

various cxplananons for the mvvﬁm?sotope ﬁacuonanon pattems have becn pr oo
' Krouscs group (McCready et al. 1975; Laishley et al. 1976; McCreéady and Krolse |

19w) !
Sulfur isotope f fractxonatron studies were 1mt1ated to test thc abllny of oil ﬁeld
isolates, including, lsolate Ps 200, to grow anaeroblcally on sulfite, to measure the sulfur
lSO[OpC fracnonauon dunng sulﬁte rcducuon and to compare the 1sotope pattems to thosc
‘ of orgamsms reported in the literature. :I'llc‘réport presented. by Semple and Westlake
' v(l987b)‘3escnbes the’ sulfur 1sotope fraquonanon pattems observed durmg sulﬁte

”r_c_ductio‘n'bry‘ four strains of A. putrefaciens 'isolated’ from oil field fluids.
- . . ) A ) . % -

B . . . :
. . . o
AT

'E.SUMMARY' ~d;f ) i’,' o
. Mlcroorgamsms have had a major 1mpact on corrosnon in the oxl g)dustry Mo§t of
th&h‘fcraturc descnbcs corrosion by SRB buti it is becormng rccogmzcd that there are other
organlvsnrs 1mportant in thc corrosion process whrch may act alone or ugconccrfl with the |

- SRB. From this review, it is evident thaffmore informa’; i,s needed on the bacteria
@
W .

; Wthh uullze 1ntem1ed1ates in the sulfur cyclc and may be involved in generaung H,S, as

weel as thosc ‘which "cduce soluble fcmc oxide ﬁlms and affect the conccntrauon of
solublc iron. Thc effects of these orgamsms on co%rosxon by SRB in n'uxcd culture

should be mmated to better mimic rcal life con‘os:on snuauons Invesugatlon into the
@ & -
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dlstn“buuon and charactcnsucs of these £acultanvc‘acroblc bacteria is important for the
understandmg of the influence of micrabes on the corrosion process and their '
mvolvement in bxogcochermcal cycles for iron and sulfur. |
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"Il MATERIALS AND METHODS L

. i

A. SOURCES OF OIL FIELD SAMPLES . _
Oil from vanQus producmg oil fields in central and nonhcm Alberta is shipped by
pnpclu?c tg the lntcrprovmcnal Pxpe me (IPL) tcrmmal at Edmonton Thc oil is stored in
" large caﬁxny tanks, 22029 mS3 o to 45807 m:; for shxpmcnt to rcﬁnencs in eastern "Canada_
“and ihe USA. The water phase Wthh scparatcs from the.oil durmg storage. should
contain microbial populauons rcprescntanve o; possxble corrosxon-causmg organisms
' -cx1sung in thc oil ﬁe.%is. Oil storage tanks from 7 oil fields (Table 1) were sampled
. du@g * sample ,mps over & 15 mqnth pcnod from May 19ﬁ84 to Noyembcr 198__5..5,
Draw;/-bff watér samples were ~co,llectéc_i in §tcrilc, fncthylenc-chloridc-ﬁhbed 4 litre
Nalgenc bottlcs from a valve at thc bottom of each tank.' The valve was opened and
.allowcd to run for about one mmute to remove sludgc from the line and toaobtam a sample

4

rcprcsentmg the: water in the bottom of the tanks The water tempcratur;: was measured

on sxtc on a samplc collccted m a scparatc container. A ‘ <

’ '4  oil samples from 5 of tHe onl fields (Pcmbma F”ederated Cold Lake, Wizard Lake
and Ellershc) were collected from the inflowing oil pipelines in stenlc 250 ml bottles
/

Produced water samplcs also were obtained from 1"0 producmg wclls in the Esso

T Norbuck Field, Draylon Valley, Albcrta in November 1985 : 7
_ All bottles were ﬁllcd, traﬁsponed to the lab, storcd at 4°C an& ahalyzcd within 24
hours after collcction.' Sali;\ity ﬁleaSu%ments were madc c;h thc‘aqlieouﬁ‘pﬁasc of _
samplcs using a YSI-Model 33 salinity meter (Ycllow Spnngs Instrument Co): Samples
with salinity greater than 40 parts per thousand (ppt) were dn]utcd into a readable range by
the addmon of distilled water. The pH of thc samplcs was dctermmcd with a Fisher .

Y4

~ Accumet pH meter. .
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Tablc 1. Summary of il storage tanks sampled at Interpmvmcnal Pipe me (IPL)

~

terrmnal Edmonton, Albcrta Canada

-

- ..4'!

’

. -

Tank # Oil field serviced

V2
5.

18
19
23
24

“

Rainbow Liake
Wizard Lake- Ellenl'c
Cold Lake |

/ederated (Swan Hills)

Pembina
Redwater Mix Blend

'i‘an capacxty (m?)
. Rated capacity’  Working capacity - -
22029 18611
22029 ., - 18611
23876 19845
23886" - v 20140
. 34314 28147
. 45807 .. 38197

'

3
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B. BNUMBRATION AND ISOLATION OF MICROORGANISMS |
| Prevrous studxcs have shown that salt was requu'ed in mf-ﬁla for maxlmal recovery '
. of mrcrobxal populations’ from highly saltne oxl field water samples. For example,
o statmncally higher bactenal cdunts were obtained fmm Judy Creek oil field samples on
medta contammg 4 .5107.0 % NaCl (Westlake, Ward-and Cook 1979. Umversi'@y of
) Albena. Edmonton, Unpublished data) All oil field waters sampled in the present studies
~ were salme, but w1th salinities rangmg from 8 to 120 ppt. Based ona compartson of
’ plate counts. and Most Proﬁable Number (MPN) determinations in medla contat,mng 0,
2.5, and 4.5 % Naf,‘l the opnmum salt concentratxon for mu.le récovery of bacterxa
was found'to be 2.5 % NaCl “This mvolved three 011 field watér samples with salmmes v
of 24, 54 and 86 ppt and in all cases, counts determined on media contammg 2.5 % NaCl
were eith slgmﬁcantly higher or no different from counts measured without salt or with ,
45 % Nail. All media and dilution blanks were ’subsequently prepared with 2.5 % (i.e.

25 g/1) NaCl.

' Sarnples'were mixed by shaking vi 0 times before aliquots were taken
for mlcroblal analysis. For water samples contammg oxl water for analysis was taken
o from below the. oil layer A10-fold d11ut10n series was made by measunng lOml of

~ " sample into 98 ml dilution blanks of 0. 03 M potassrum phosphate buffer (pH7. 2)

| ——

l i ! 0 | . .
» )Aerobic viable cell numbers were determined by'spreading 0.1 ml aliquots; 5 plates -
per dilution, onto Plate Count Agar (PCA: l)ifoo). Oilsamples were plated directlx,
without dilution. Plates were incubatgd at a’pproxiymately 23,,°C for 5 days, when total and-
differential cOunts were carried out based on eolonial morphology and pig’mentatiOn.;
Ifide-generating bacteria- = e | o

\ ’ ;
The number of sulfide-generating bacteria, including sulfate- and sulfite-reducing

-
el

T / . T,



bacteria, svas dctermincd by .a 5 tubc/dilntion Most Probable Nun)bér (MPN) mcth_od..
Kaput-capped (Bellco) 18x150 mm test tubes c'on;aininé 10 ml modified Butlin's medium
(Butlin et al. 1949: Appendfk A) were prepared on the day before use. Iron finishing
nails (2 om) wcrc added toeach tubc to reduce the rnedium and ;ll tubes were sterilizcd by

. autoclavmg for 20 min at 121°C Fﬂtcr~stenhzed 10% Na2803 (0.1 ml or 3 drops with
~ Pasteur prpc:ttt;;j}g was added to each MPN tube just pnor to moculatxon with 1 ml of .

*.sample.’ Sulfate—r@ducxng bactcna (SRB) were cnu_mcrared using the same method - |
without the addition of sulfite. l w | | 2\ ) o

| All tubes were incubated at 23°C and scored weckly for blackening of the nails and

surroundmg medium" which indicates the producnon of sulﬁdes The most p%obablc

: numbcr of sulﬁde-gcncratmg organisms and SRB wa\s caly:ulated from the drstnbutlon of
_ positi:vc tubes after’28 days by referring to statistical tablcs (?xander_ 1965). Statistical 7

comparison of MPN values was doh: using the method of Cochran (19§O).

| Growth of iron reducing bacteria'in ferric iron rich B l(groth mcdlum (Obuekwe et
- al. 1981a by Appcndxé A) rcsults ina color change of thé mediumi from browmsh -gold to
' _ greenas ferrous ions are produced (Flgurc 4a) This reaction was used to dctermmc the

. total number of iron- rcducmg bactcna (mcludmg aerobes and anaorobes) by thc MPNs
method. Tubes of B10 broth or soft agar were moculatcd with 1 ml ahquots from the .
dilution series (5 tubcs per daluuon) and mcub\ato{i for 7 days at room temperature. Tubes.
~were scorcd for growth and "‘cvolor oharx'gc togrcén or white, and the most probable
numbcr was calculated from statxstlcal tabl;s (Alexander 1965)
| Some aerobic iron-reducing bacteria, mcludm g those 1solatcd by Obuekwc (Ph.D.

_ thesis), form concave, orange colonies (Flgurc 4b) when grown on B 10 agar plates (C. -

Pantcr 1968 M.Sc. thosxs, Umversny of Albcrta, Edmonton, Alberta Appendrx A)

->



A . B ' [

Figurc 4, Grp.wth of iron-reducing bactegiura Ps 200 in (A) B l{) broth and (B) on B10
agar phates. D . :
A, Note the color of the control Shanges from gold (1) to green (2) with the
* production of ferrou.{ ions. Some tubes further change to a whitish color (3).
B. Concave colonies of isolate Ps 200 on the surface of an agar plate. Note

the orange color of the colonfes and the depressed centres (i.e. cross section

=_A-A_) \ . _’J wl.



35 .



Viable plate counts of theé®s aerobic iron-reducing bacteria were dctcrmmod by plating
-aliquots from the dlluuon series, 5 plates gcr dllutxon and mcubaung at 23°C for 5 days.
Total and detdiled counts of the numbcr“c?:f dlffcrcnt colomal morphologlcs were
dctcrrmncd including the orange—coloned concave colomcs Reprcscntanve concave,

' orange colonies from B10 plates were selected and punﬁed by repcatcd plaung onto the
;;mc medium. All punﬁcd 1solatcs\wcre transferred into B 1) broth to confirm thclr
uon-roducmg abxlmcs as ig was observed that not all concave colonies would reduce ferric
iron. Somc of thcsc uon-rcducmg bacteria were shown to - produce charactcnsnc pink to
orange p1gmé’ntcd colomcs on PCA, so selected pigmented colonies from PCA plates ilso
were purified and tested for their ability to reduce iron. .

Anaerobic isolation of iron-reducing bactcx;a was camed out on samples from’

posjtwc MPN tubes, which were plated onto B10 agar plates and incubated in (5as Pak
r . - t

36

(BBL) anacrobic jars. The bacteria growing on anaerobic plates showed different colonial

t

morphologies, so representative colony types were replated onto duplicate B10 plates.

One plate was again incubated anacroblcally and the other was cxposcd to alr to test for

~ aerobic growth and the formanon of concave colonies. These isolates also were grown in

. B10 broth to reconfirm thelr ability to reduce fer¥ic iron:

R -

Aainten ‘ oll (

The culture collection of 80 iron-reducing isolates was maintained at 4°C by~
monthly transfers into tubes of B10 soft égar (0.25% agar). Included in this collection ’
~are four o&ains (Ps 200, 213, 216 and 230) isolated by Obt}ékwc (Ph.D. thesis) from oil

, and.conoding pipe as dcsoxibéd by Obuekwe et al. il9§ 1a, 1983). Isolates were coded

using an abbreviation of the oil field from which they were isolated and for some, the trip

number.
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C lDENTIFICATION OF IRON-REDUCING BACTERMA e L .

Imn-reducmg bacteria 1solated from%il field sources were classtﬁed uslng various
biochemical and morphologrcal tests which confirmed their 1denuficauon ,s strains of
Alteromonas putrefaciens (Scmple and Westlake 1987a). Isolates of A. putrefaczens, ,
mcludmg ATCC 807 1 (type strain), 8072 and 8073 whlxch were isolated from butter
(Derby and Hammer 193/1) and 'P. rubescens’ ATCC 12099 and 19857 isolated from
machine cumng oil gnvmck 1955),as well as Pseudomonas aerugmosa ATCC 10145 ‘

and Proteus vulgaris ATCC 13315, were mclu;ied in t.hl§ survey for comparauvc

'

purposes ‘
Preliminary tests on all isolates followed the taxomomy scheme described by

Westlake and Cook (1980). The Gram reaction, catalase and oxidase tests were
. determined using colomes from a 48 hour PCA plate (Difco). Cell morphology and
moulr& were determmed with cells grown, for 24 hours in 10 ml tubes of modified o
Butlm%\medrum (Appendlx A) and the method of Mayﬁeld and Innis (1977: ?ppendlx A)
was used to:examine the flagellar patterd. Twenty-four hour Butlin's tube cultures also

. served as inoculum for biochemical tests and all tests were carried oyt at 23°C in media
without added NaCl, unless otherwise stated. .The utilization of glucose and lactose was
determi,ned'using oxidative/fennentartive (O/F) agér plates of Board and Holding (1960)
medium (Appendix A). Duplieate platés were inclxbated aerobichlly and anaerobically in
Gas 'Pak (BBL) anaerobic jars and scored for growth and pm:lucdon of elther an acid or
alkalme reaction after 1 week, Selected isolates were tested using the API 20E

Ainterobactenaccae Identlﬁcauon System (Analab Products, lamv1ew, N.Y,, USA).

- Further procedures used for the classiﬁefltion of these isolates are outlined by
" Hendrie and Shewan (1979)and in the ASM Manual of. Metths for General
}chrobrology (Gerhardt 1981). Extracellular hydrolasgs were assayed in nutrient broth
containing 5% gelatin for gclz.nin liquiﬁcation and on 0.2% starch agar plates for starch

hydrolysis. DNase activity was determined at 30°C on DNase Test Agar (Difco) with 1% | p
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chloroform-extracted mctﬁ Igreen (0. 5'%'solution) added to accentuate th cleared zones.

' Citrate utilization was assessed usmg Simmons citrate agar plates and urease producnon }
dc\:tcrmmcd in Bacto-Urea broth (D(fco) Ornithine decarboxylase was tcstcd forin
Decarboxylase Base broth (leoo;!\‘mth 1% added L-omlthmc (Calbiochem), overlaid

»with sterile mineral 011 after inoculation (Appcr\dxx A). Arginine dlhydmlasc and lysine
dccarboxylasc acuvmcs were dctcrmmod from the results of the API 20E Idenuﬁcauon

ystem. : - e _ ! ;- _
Nitrate reduction was determined in tubes of semisolid agar conta'i'nix;ng 1% KNO;
(Stanier et al. 1966) wnh nitrite production detected by reaction with alpha-na;‘)hbmylaminc
and sulfanili‘c acid reagents (Appcndix A). Trimethlyamine oxide (TMAO: Sigmé)‘
reduction to trimethlyamine (TMA) was tested for by the method of Wood and Baird
(1343);cxpcpt that thc. production of TMA was detected on indicator soaked filter papers
suspended from a rubber stopbcr in a plastic cup (Kontes) (Appcnd}x A). TMA

i)roductfon was also assessed using the Laycock andReiger (1971) ass'ayf”?;’

N |
The ability of isolates to reduce sulfite and thiosulfate was tested in defined

synthctic medium (Obuekwc et al. 1983: Appendix A). Two iron finishing nails were
added to cach tube and filter stcnhzcd 10% sodium sulﬁtc or sodium thiosulfate was
added (0. 1 ml/10 ml tube) just pnor to inoculation. Sulﬁde production was monitored

' daxly for up to 7 days as px;cvnously' described. Eulfidc production was mtestcd by
growing selected isolates and P. vulgaris on 'friplc Sugar Iron (TSI) aga; (Difco) slants

Y . : .

which contain thiosulfate and organic sulfur. - ,

Crude oil utilizati
Selected isolates from diffcrgnt oil fields were screened for their ability to utilize

'S -
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crude oil, as described by Fedorak and Westlake (1981, 1983, 1984). Norman Wells
crude oil (0. l) was added to 200 ml of B+N mineral medium (Appendix A) and

ith thc growth from a 1 week plate of B10 agar suspcnded in0.03 M

tnocnlated
potassmm phoshate buffer. (pH 7.2). Unmoculated onl—contammg ﬂasks were included
as controls Flasks wepe incubated for 21 days at 27°C with shaking on a New .
answi(:k Scientific Modcl 11 Gyratory shaker at 200 RPM and were checked for purity
by restreakmg on B10 platés Oil was extracted, fmcuonated and analyzed using gas

_ chromatography (GC) and the GC pmk were compared to the controls to determine

changes in the saturate, aromanc (Fedorak and We ¢ 1981) and sulfur heterocycle

profiles (chorak and Westlake 1984).

- DNA mposition N

The mol% G+C content of selected isoletcs was determined using Lhe thermal
melting point (Tm) method (Johnson 1§81). DNA was i'solated from 2-3 g of cells
grown overnight at 27°C in two 500 ml erlenmeyer flasks with 200 ml modrﬁcd Butlin's
medium, using the Marmur (1961) method. However, or\ly one chlomform-isoamyl ‘
alcohol extraction was perforrrled. Ribonucleic acid (R'I\‘JA) was removed bf édding 0.2
‘mg/ml RNasé (Sigma)‘and incﬁbating far 30 minute incubation while protein was
subsequently removed with 0.2 mgfmllpronasc (Calbiochem) and a 60 minute incubation,
both at 37°C. All prepared DNA ‘was dialysed into 0.5x standard saline citrate (SSC)
prior to meltmg proﬁle determination, Eacl) dxalysrs batch mcluded a corresponding
reference E.coli b DNA The mol% G+C was calculated on thc basis of the midpoint
temperature of the thermal melting profile (Tm) and compared to the Tm of the E. ¢oli b |
%a.ndard (mol% G+C =51) (Appendix B). A sample of P. aerugmosa DNA (mol% G+C

= 67) also was prepared for comparative and reference purposes..
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The abrhty of 1solates to gmw in tl\e presence of NaCl was tested by mcorporatmg
mcreasmg conce'ntratrons of NaCl (10, 25, 45 60 and 75 gl NaCl) into B 10 agar plates

#

B 10 agar plates without NaCl were streaked asa posmve control Growth'was . 7 o

determmed by v1sual observauon after one week of rncubauon at room temperature A
B10 plate with no added NaCl Ywas also streaked and incubated for 2 weeks at 4°C to’

rdetermme the ablllty of thé 1solates to grow ata low temperature

The orlgmal source and DNA ba,se composmon of several plgrnented and’
non- prgmented strains of Alteromonas spp requtnng a seawater base for growth are
: lrsted in Table 2. These 1solates were obtamed to compare therr character&r\ cs’ wrth those
- of the oil’ ﬁeld 1solates and A putrefaczens strams Tests performed on these - |
k‘ 'sodlum requmng strams used medla supplemented wrth 25: g/l NaCl. These cultures

7 were mam%ned by transfernng weekly onto Marme Agar (Drfco)‘ plates

G) 3

"I IRON REDUCTION ASSAYS

| The rates of uon reductxon for strains of A. putrefaczeﬁs were compared usmg an
" enzyme assay procedure doveloped by Obuekwe (Ph D. thests Obuekwe and Westlake

- '1982b) Iron reductlon rates were detemnned usmg whole restmg cells of late \ - "

' exponentlal phase culture ina deﬂned assay mixture of lactate a‘nd soluble femc iron ar

ré

30°C. Rates expressed were based on total cell protem

»\ . : l e ’ w -

’ a._Resn_ng_Qe_lemnamm Cells were grown in 250 ml ﬂasks contammg 100 ml
}of modrfied Butlm 3 melem, usmg as moculum 1 ml of cells grown for 24 hour in IOW

D

R



. L . : o - A
R - . s . L
. : N P i . N L . N
. ) s st
. ' o . ' . .
. Coe T . .
. , : } ¢ . \
- . .
. B B
! 4 ! . -
v

‘Table 2. ‘Sources of salt requiring, low mol% G+C Altéromona; sp“str‘ains-

vNaxﬁe . ATCC Pigm.e-nt’ mol% Sourc.t:~ " References =
: . no. - G+C . S

Wt

- ‘ : /v ‘ ‘ : : o - -

PN ' . . ' . L ] s ’ ' i ’ .
A.wmacleodii - 27126 none 45.6£0.8  seawater '  Baumann etal. 1972
(Type sqmn) : 5 ' ‘ _ | ,

. i/ ‘ ] . a :
A. haloplanktis. 14393  none 43.2i1.0 seawater ° Baumannetal, 1972

Ps.aflamica - 19262 none ' 43.5  seaweed  Yaphe 1957; Mandel 1966

' A.piscicida 15251 yellow 44.5 redtidebloom Bein 1954; Mandel etal.
T o A I * 1965; Hansen et al. 1965

A airania 33046 orange 38-43, seawater ‘Gauthier and Breittmayer =~
e 1979 RS

Arubra )\ 29570 red ~ 46-48 surface seawater Gz_{uthier 1976 .

{'7 e

It
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 tubesof modiﬁed Butlin's medium. Flasks were inc'ubated at 27°C on a New Brunswick

. Scientific Model 1 Gyratory Shaker runmng at 200 RPM. Growth of the cultures was
followed by taking mieasurements of the optical densnty (OD) of 1 ml alxquots of cells at
600 nm using a 1 cm light path. Isolates were gmwn for 13-15 hours and the. OD was
measured 2 3 umes in the last hour before harvestmg to’ deterrmne the appmxrmate stage
of ngth Cclls were collected in sterile 250 ml Nalgene centnfuge bottles by
centnfugauon at 10 000x g at 4°C for 15 minutes, washed two times with 0.1 M
potassium phosphate buffer (pH 1.2) and resuspended dta concentratlon of 1 g wet,

'wetght per 80 ml of buffer. Tliese suspensnons were usgd for determination of iron

N reduction rates. Restmg cells were stored onice dunng pneparatmn then at4°C to k

- deterinine the affect of storage time on iron mducqu rate.

_ The protem concentrauons of the resting cell suspensions were dee: @ned after .

alkalme digestion usmg the methogyof Lowry et al. (1951) with bovme gamma-globulm

| (Blorad) as a refereﬁce standard, (Append1x C) oo

Cell numbers were dete(gmyled by platmg in tnpltcate onto B lO agar pl.ues using 9 -

ml of 0.03 M potassnum phosphate buffcr (pH 7,2) dllutlon blanks for dilutions. Plates

were countedafter 3 days incubation at 23°C. BlO ‘agar plates was used bec ruse isolate

42

P

© Ps 200 showed significantly higher counts on B10 than on PCA and'otber isolat,es,did not -

grow as well on PCA as on B10. / e

'b, Assay conditions: - Iron reductlon r'ate assays were carned out in screw cap ’

- assay tubes;contammg 2 ml of 2% sgluble ferric phosphate (pH 7. 2) (City Chemxcal
Company, New York) apa l ,
‘ lIncreasmg vdlunles of resnngkll suspensron were used 0.5, 1, 1.5,2, 3 ml etc.) with

"‘.‘,ssodluni‘laCtate (300 umol/ml) (Fisher Scientific).

the final volume of 10ml made up using sterile dlsulled water. The effects of i mcreasm 1g
lactate concentration’ were tested using: dlfferent volumes of lactate solutlon (O 5 1, 1 ,\5

and 2 ml) and 1 ml of resting cell suspension. ’ | | g @

-



Tubes Were incubated in 'a'30°‘C water bath. To test fortemperature effects on u'on
‘reduction rates, tubes incubated at 23°C orin 2 37°C water bathi wére also included. The
producuon of Fe2* was assayed every 30 mmutes far 3 hours using the colonmetnc
orth/o-phenanthrolme method (Krishna Murtt et al. '1966; Greenberg et al 1985: Appendtx
D). To avoid oxtdatlon of the Fc2+ 100 ul aliquots of the sample were transferred 4
directly into measured volumes of buffered o-phenanthmlme reagent The absorbance at,
510 nm was read ona Pye-Umca:n SPS-SOO'waVu‘ spectrophotometer within 5
P :

‘minutes, usmg a blank of the same dilu

Fe2 was calculated by referring toa statldard curve (Appendtx D) Intervals of 30

Ry

' , lated controh The concentratton of

minutes allowed sufﬁcu:nt time to dlspensgt‘lfs reagents, take samples and read them

2+

Th/e ma)étmum rate of Fe producuon for each cell volume was calculated and :

“-plotted to.confirm a linear increase in rate with increase in cell protein concentration. The

[l

Tate

2+

\ sed as mllhgrams Fe“™ per litre per hour per milligram prmem. Iron-reducmg

v

2+ / h/mg protem

f X

g#mn_mdumﬂﬁ\_ﬂll Isolate corynefoxm AN13 did not grow well i in

modlﬁed Butlin's medium nor did i it reduce femc iron in the assay designed for A.

43

rric iron reduction for each isolate was calculated from the Fe2* production over :

based on the protein concentration of the volume of re\stm g cells used. This was

. . ] i s
-tivity was then calculated, considering that the total reaction volume was 10 ml, as tmol

putrefaczens strains. This tsolate was grown for 15 hours at 37°C in B10 mednum w1thout '

» femc phosphate added and restmg cells prepaned as previously descnbed lron reduction

assays were tested usmg 1 ml of restmg cells w1th 2 ml of 2% FePO4 and 7 ml of iron

: fnee BlO medtum at 37°C Resting cells of 1solates ESSO 1-3, Ps 200 and ATCC 8071

A

also were tested in the same assay for comparative purposes.
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.~ The other iron mmerals used were supplred by Dr W.J. Page (Department of S
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. The ability of isolate l’s 200 to release ferrous ions from various ar;)orphous and

o

crystalline iron oxides was tested. Synthetic red iron oxide (FeyO3) and black

fcrn/ferrous hydroxlde (Fe304) were obtamed from Frsher Scu;ntrﬁc as fine powders

|
Mrcrobrology, Umlrersrty of Alberta) and were ground to approximately 200 mesh before

/

3

o

use (Page and Huyer 1984) YA L s

A

- Screw cap tubeﬂ16x100 mm) contammg 50 mg of ground oxrde were stenltzed
twice for 30 mmutes at 121°C. The ox1des and media were sterlhzed separately to avoid
" reduction of oxide by mcdla components (Fischer and Pfanneberg 1984) Ten ml of
sterile i 1ron free B 1% medium was added to eaclftube then inoculated in tnpltcate wrthO 1
ml of 18 hour Butlin's broth culture Tubes were, scal%d mixed and.incubated at 23°C on

£ their srdeS{o expose the maximum amount of thg clxnde to bactenal attack. Umnoculated

- controls for each mineral were mcluded to test the solublhty of the mineral and tubes of

_ BlO medrum wlth soluble femc phosphate were@‘mcluded for companson The abrhty of .

& . . ‘3‘

selected lsolates and Ps 200 to release fcrrous iron from red Fe203 powder (Frsher) was

4
/

compared\usmg 10 ml of iron-free Butlm s medrum containing lactate as the energy
source. “ ‘ | " |

‘The amount of ferrous iron released was assayed as previously descnbed Tubes
.‘rwere mrxed and allowed to settle upnght before the samples were taken to avord
1nterference of the powdered mineral. Samples were transferred 1mmed1ately to the
o—phenanthrohne reagent to avord oxrdatron Tnphcate tubes were opened on the same
schedule to compensate for small amounts of aerobrc growth that may have occurred after

' openmg, since fermus iron release was hlgher in tubej opened penodrcally dunng /

-

' nme -course experrments than i m unopened tubes. The pH of the tubes was measured at

“the end of each’ experrment.

S
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E. SULFUR lSO'I"OPE FRAC'I‘ JONATION STUDIES _
g' Jrganisms " - .
Fuur isdiatcs, Ps 260, CLA1, Fed 3 aud Pem 12, were chosen for sul'fu.r iso‘topc v
fr’actionzition studies. These-isolates were from different oil ﬁclds and Showéd rapid
. aproductlon of sulfide (wnhm 2 days) from sulfite i in tubcs of Butlm s medlum Thcsc
1solatcs also rcprcsented the two groups of sulfite- _re_d_u_clng A. putrefaczens strams, Ps! .\

200 and Pem 12 grew at 4°C but were not salt tolcrant whereas Fed 3 and CL 41 had a

v hféhcr mol% G+C and would grow in thc presence of 7. 5% NaCl but not at 4°C.
Lot

Anacréblc culture system

The culture system uscd (Figure §) was a modlﬁcauon of the apparatus described
by Krouse et al. (1967). Isolates were grown anaeroblca]ly in sealed 2 htrc flasks at 23°C
~in 1 liter of medlum (Appendix A) whcre ulfate consutucnts were subsututcd with

chlorides and no.extra 1r,on was added to reduce FeS forr_nauon_. Cultures were sp_arged at 4‘

n deoxy"gcnatcd by passing through a heated

ol/1) was added as a filter sterilized

a rate of 1.5 Vmin with N, gas whicK had

»n

‘copper coil “(Sargcnt Welch). Sulﬁtc (7.93
soluuon of Na28203 (Fnshcr Scientific) j Just bcfbre moculatmg w1th 10 ml of culturc '

wblch had bccn grown acroblcally for 16 hours in 100 ml of modlﬁcd Butlm s mcdxum as’ 4 |
prewously described. Growth was followcd by mcas'}mng the opucal dcnsny of 1 ml '
aliquots of culture at 600 nm using a 1 cm light path ona Pye-Unicam SP8-500 UV-Vis,
spccdophotdmctcr; jThclpH of each aliduot,wad measured and ch_alngcs'in cel

ndorpholo"gy and motility were observed using phase contrast microscopy.
: ] . ’ . R / g . . .

Ccllecnon and recovery of sulﬁdc

The st gas produccd was collcctcd at mtcrvals by tmppmg as cadmxum sulﬁdc
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Figure 5. Sulfite reduction vessel with cadmium acetate trap.
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- This was subsequently converted to silver sulfide for gravimetric and stable sulfur isotope |

analy:‘i}.as described by Laishley and Krouse (1978), with the following modifications,, .

48

The hydrogen sulﬁdc wa.s flushed through a trap asscmbly (Flgure 5) Wthh consisted of . ’

two 20x150 mm Screw cap test tubes in series, sealed with a 20 mm butyl rubber washer
with 2 mm teflon tubing as bubblers. The entire assembly was in a plcxlglass stand for
casy changing of the cellec;tofs. Tubes contained 2‘5-30 ml of 10% cadnn"um acetate

. buffer (125¢ cadmium acetate + 250 ml COncentrat.ed acetic acid + 1000‘ml distilled

Hy0).
Tfapping tubes were changed at frequent intervals, when the buffer had tumed"

yellow from the formatlon of CdS. Thc soluuon was transferred to a 400 ml beakcr and
was converted to AgZS by adding 10 m! of 10% AgNO3 In order to raise the pH and

prevcnt formatxon of a ﬂocculant whlte precxpltate which formed 1 upon addmon of silver *

nitrate to cadmxum acetate, more NH4OH was requ1red than suggested by Lalshley and
. Krouse ( 1978). Raising the pH to 9 by rcpcatcd NH4OH addttions, with vigourous
stirring and heat, dissolved the-Whitc precipitate and allowed the black AgyrSto prcdipitate
~ out of solution. !

. | After the silver sulfide had digested on a stearn bath for 1-2 hours, the solution was
then ﬁ_ltered th;ough pre-weighed Millipore filters (4.5 cm, Type HA, 0.45 um). Filters

were oven dried at 100°C for 12 hours, cooled and Wei ghed to the nearest 0.1 mg.

Sulfide production was calculated from the weight of the silver sulfide precipitate. B

composition of reservoir sulfur

¢

The sulfur isotope composition of the residuai sulfur after sulfide gcnerau’on had
ceased, was determined by oxidation of a volume of the medxum with hydmgcn pcroxxdc
_Aand rccovcry of the sulfatc produced as barium sulfate (Mchady etal. 1975). About

. &

o

b

-



S

AN B - I

lObml of culturc was centrifuged at 10,000 x g for 15 minutes to renve the bactcna and
the liquid th&n dccantcd into a beaker. Hydrogen pcmxxdc (30%) was added followed

by IO-fnl of 10% barium cﬁléﬁdc. The white BaSOy4 precnpltate was collected by

Millipore ﬁltrauon (0 45 um) and oven dried at 100°C. This procedure also was used to

- /S ' ) ;
determine the 8348 of the ongmal Na2803 by addxr\g 1 ml of 10% Na2SO3 to 100ml |

fresh medium, oxidizing to sulfatc with H202 and.colloctmg the BaSO4 prccxpltatc. No

precipitate formed in the mcd;um wnhout the addition of sulfite, as the addcd sulfite was

the only form of sulfur prescnt L ” . g '

-\\ R ' /(/ \‘\
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* 8ulfur isotope fractionation analysis

. The silver sulﬁdc was analysed for stable isqtop,é composition as described by

McCready et al. (1975) using standard mass spectrometric techniques. The sulfur isotope ‘

R | : :
compositi_dn of the sulfide produced is c;ipresscd as 534S in parts per thousand (%o) with

respect to that of the initial sulfite b); the formula:

o 345325y H,S product _»
534s=-. : , -1 | X 1000
(34s/325) initial sulfite

i . .
345,325 is the ratio of the numbers of 343 10 325 atoms in the sample as determined-by

S

mass spectrometry.

~ The isotopc composition of the remaining sulfur in the reservoir at each time

1

interval was calculated on the basis of the 8348 of thc evolved sulfide accordmg to the

formula of McCready and Krousc ( 1979 Appcndxx G).

A
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F. CORROSION STUDIES WITH IRON-RED&JCINQBAC’I‘ERIA AND
SULFATE-REDUCING BACTERIA L

These experiments were des"i;r;cd({b co;nparc the attachment to ';md corroston of
mild steel couipons by iron-reduciﬁg—bactaium Ps 200 in pure and mixed‘culture with a
strain of a sulfaic-rcducing bacteria, Desulfovibrio vulgaris var oxqmi({us (A.M. Jobson.
'1975. Ph.D. thesis, Ur;chrsity %lbc‘rta, Edmonton, Alberta).

oL =N
- Corrosion coupons made of AISI 10-18 mild steel were obtained from Caproco“

Corrc;si‘pn E:)nsultﬁnts, Edmonton, Alberta, Canada. Their dimensions were '5.})8 x 1.27
x 0.16 cm \;/ith two 0,'8 cm holes cont.aining Delrin washers to insulatc‘ttc coupon frorﬁ'

* the mounting héldcrs. The washer frbm the lower hole was removed and the top one
used in conjunction with holders in the test flasks. The total exboscd surface area with
only one washer was 11.79 cm?. .E\ach coupon had a stamped idehtiﬁcatjon number and
came Sand-blasted, pre-weighed and .individually_ "packaged in a protective envelope.

- The }mifom; sizé and sutface preparation of these coupons make them ideal for
corrosion tcs__tfng b‘y weight loss measurements. In additioh, observatiéns of corrosion
prod}lcts, type and e);tem of corrosion and attachmcnt pf organisms can.be made on these
coupons. 'I'H(:j have been used by other ‘scientists to monitor bacterial attachment, activity
and corrosion’in the field (Sanders and ngwcll 1983; Chen and Chen 1984; Dewar
1986; Hamilton and Maxwell 1986) gnd theilaboratory (Mara and Williams 1972King <;t

al. 1973b; Obuekwe et al. 1981b).

é’; . ’ l ’ lc
. The culture medium used for these experiments was modified Butlin's medium

(Appendix A), which is a lactate-mineral salts medium containing yeaét extract with a low

L . -
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iron concentration and no reducing agents added. All media used in these toits contained

. 10’/ NaCl which is close to the salinity of the produced water from which these
orgamsms were tsolated Both isolate Ps 200 and Desulfovxbno vulgaris AL1 tolcrate
and grow well in medta with 10 g/l NaCl added. Corrosion tests Rave previously becn
carned out in this medium by Obuekwe (Ph.D. thesis), and it ia similar to_othcr culture
media used auch as‘ qutgate B (Gaylarde and Johnston 1980, 1982, 1986) and the
lactate-sulfate-yeast extraét mcdmm used by Booth et al. (1966) and King et al. (1973).
The effect of yeast extracton ctrlture’grow(th, attachment and corrosion was tested in th(

3ame lactate-mineral salts medium minus the yeast extract.

For testing the corrosion caused by isolate Ps 200 under sulfide-generating

conditions (C 0. Obuckwe Ph D. thesrs) filter stenltzed)IO% Na28203 SIE;M
«

‘Scientific) was added separately to sterilized Butlin's medlum atarate of 1 ml per litre. .
A total of 22 test flasks were set up according to the schedulc of tests and exposure

times listed in Table 3. 'Sten'le controls were included for eaeh time point and medium |

tested A separate flask was set up for each test condition a}d time point to ensure that a

7 constant surface area of metal was exposed to each culture (Mara and thllams 1972;

]

Champion 1965). Coupons were exposed to oontinuous culture for 3, 6 and 12 weeks o -

generate data for weight loss vs time curves. Short term exposure (2-4 weeks) may yield
‘ high cortosion rates but long term exposure (8-12 weeks) is often required to adequately

detect and deﬁne pitting. Obuekwe (Ph.D. thesxs) observedtthe attachment of one of the

”

test orgamsms, isolate Ps 200, after 2 weeks and noticed pitting of the coupons under

sulﬁde-generatm g conditions after 9 weeks.

-

ntinu ltur tem

A continuous culture system was developed 10 study corrosion of mild steel

coupons in cultures of bacteria under flowing conditions, such aslthose found in
) : , )



Table 3. Corrogion tests schedule !

Exposure time (weeks)

Tcst'mcdium _ -
_and Inoculum 3 6 2
L4
Ps200 ¢+ + &+
‘" ALlL, - nd @ + +-
Mixed nd ' A T +
Sterile Control + . + +
Bulinsmedium 45,0~ . . .
Ps200 + ¥ +
ALl . nd nd .+
Mixed | . nd : nd +
Sterile Control + + +
[ : /
. Ps200 , - nd nd +
ALl nd g +
Mixed nd’ . nd +
Sterile Control nd nd at

. & nd= not done

¢

0
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a. Design of continuous culture system: Cultures were grown in continuous

culture in 500 ml side-arm Erlenmeyer flasks with media flow fed from large (22 litres)

o

media reservoirs (Figure 6). Each ms:;ruoir had a capped, ground glass (T 14/35) supply
tubc through which media was replenished and an air equilibration tube with two Millex
FG 50 0.2 um filters (Millipore) in series. A sepafute feed line fmm the bottom of the
reservoir supplied each flask with medium and a cbnstant flow was maintained at a
dilution rate of 0.012 hr -1 (C.0. Obuckwe. Ph.D. thcsxs) by calibrated LKB pq'lstaluc
pumps.: Pump flow rate was set at 6. 2 mi/h. The avcragc llquxd volum& of the flasks was
486i6 ml which resulted in a residence time for the culturcs of 3.3.days.
SlllCOﬂ tubing was used for all feed lmcs wuh glass tubing connections between
the large tubmg and the LKB silicon tubmg (tube sxzcil mm). ‘A long length of LKB .
tubmg was used in each pump so that it could be moved evcry 3 weeks to avond wear. A
ﬂow breaker, hcld upright by clamps, was placed in thc lmc mﬁhcdmtcly bcforc cach
? flask to prevcnt bactenal growth in the line from contaminating the reservoir.

A ;No atterpt at aeration or dcacratlon of the medra was madc but cultures were

" *smzred to ensure mixing. Each flask contained a 5 cm tcﬂon-coatcd magneuc stir bar and
'Was stlrred slowly-by Ftshcr Thermix stirrers which do not heat up with extendcd use.
v A #7 rubber stopper coupon holder assembly was madc for each flask (thurc 7.
“Two bent 4 mm glass rods pushed through the stopper provided a solid, inert suppon for
the coupons. With this sgtup, 4 coupons can be suspended v the middle of the flask and
will not inove while being surrcd Coupons threaded through the top Delrin washer also
* are adequately sep on thc holder. The glass rods were bent tocarry 2 coupons per
" holder and adJustcd (m mum 2.8 mm) so that 2 holders would fit throdgh the mouth
and be snuatcd in the center.of a 500 ml ﬂask ders 9.5 cm long held the coupons
vertically 3cm abovo the stirbar and 3 cm\below the iqui_d surfugc. ”

; ,
;
. .
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Flgurc 6. Expcnmental sct-up for corrosxon tests m contmuous culture.
Each mcdlum rescrvmr (R) had separate feed lines for 3ord ﬂasks with >
: constant ﬂow being mamtamcd by LKB penstaluc pumps. '

. . '
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Fi gurc 7 Holdcr assembly for corrosion coupons Note (A) the ﬂow brcakci' abovc
thc feed tubc Wthh prevented contamination of the feed lines, and (B) the air
equxllbratxon tube with air filter which helped provide constant media -

&

flow. ap
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A 7mm as's feed tube was suspended above the level of the medtum to avoxd the
problem of growth of the bacteria i in the feed tube, as was observed with tibes submerged
into the edlum At slow ﬂow rates, and wrth slow strrnng, fresh medlum dripping from
a tube abm{t: ‘the growing culture was adequately mixed and drspersed throughout the
culture. In brder to observe the mlxmg and ﬂow patterns, methylene-blue-colored water

was dnpped ugto ﬂasks contammg clear water An air ethbrauon tube witha25mm - ,
Mxllex FG 0 2 p.m ﬁlter (Mﬂlrpore) was requlred' to maintain adequate draining. |

b, ss:mb y g nd i nggg ation: Test ﬂasks containing 450 ml of medium were
autoclaved for 30 mmutes at 1 l'i{? They were prepared the day of use and once cooled
| were moculated wrth 10 ml oﬁ tl{e’):appropnate orgamsm Inoculum of 1solate Ps 200 was
grown overnight in modlﬁed Butlm s medrum as previously descnbed and D. vulgarzs |
" AL was grown for 48 hours in 30x150 mm gcrew cap tubes containing 25 ml of ‘

modified Butlin's medrum and 4 iron finishing naxls

~ The stopper and:holder assembhes wrth ﬂow breaker attached, were sterilized
scparately in pipette b:}gs Reservoxrs contalmng 15 litres of medlum were sterthzed for
95 minutes at 121°C - ,k LD
. ~ Coupons were stenhzed byv 1mm‘ersron for 15 minutes each first in 70% ethanol

then 95% ethanob They were drled under a stream of filter-sterilized air, followed by. 10
: mmutes of exposure to UV-light (254 nm) ina. stenle hOOd (Canadlan Cabinet Co. Ltd.).
Coupon numbers, wetghts and the correspondmg tests werc recorded Immedlately prror

) assembly, the stenllzed coupons were shpped onto thelr holders, w1th 1dentxﬂcatron

stamps facing mward ‘"\f‘nd placed in the moculated flasks, whrch were then sealed with

aluminum’ forl CoanE e ' B - S o
All ﬂasks were left overmght, unstnred to allow ‘the SRB to grow wrthout
mtr‘oducrng oxygen The feed system was assembled by attachmg feed lmes to the flow

bxeaker above each flask. After 24-36 hours when culture growth was estabh,shed
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media flow and sttmng were started.. Effluent lines were unclalnped and the- overﬂow e/

collected in sterlle 4 litre glass bottles contammg 10% NaOH to trap hyd'ogen sulﬁde

a. Test medium; “Observations of growth in the flasks, development of bioflouling
N on" the coupons and changes in corrosion products were made daily and photognaphs were
taken periodically .At the end of the test period the‘coupons wefe removed and the p’H
and cell counts of the hquld portion of the culture were determined. 'l'he viable number of *
aeroblc bactena in the inoculum and corrosmn flasks was momtored using the spread
- _plate method onPCA, as pr;vmusly described, with counts made after 3 days of
| 1ncu}zauon at 23°C. X
The ﬁve-tube MPN method was modrﬁed for enumeranon of pure cultures of SRB
. in the mmculum and test flasks. Butlin's medtum was dispensed mto l6x150 mm
screwcap test tubes containing iron nalls lnoculated tubes were each 1mmed1ately
plugged with a sterile, non-absorbant cotton plug, then a non- stenle plug. The top plug
. was impregnated with 10 drops;of 40% pyrogallol followed by 10 drops of saturated
sodium carbonate to remove residual oxygen from the headspace_(Pankhurst 1971). The
" extra precaution'of adding the pyrogallol plugs was necessary in order to obtain maximum
_ numbers of SRB in pure cultures, iwhereas the Kaput-capped tubes were adequate for
SRB determinations i%boil'ﬁeld and other environmental samples (FedOrak etal. '>1987).
Control and conosion flasks containing p_ure cultures of D. vulgaris AL1 were streaked |

on PCA to test for contamination by aerobic bacteria.

b,_CQsz_]gn_go_um Coupons were exammed after removal from culture and:

oox before cleanmg, and the color, dlstnbuuon and type of corrosion products and surface

coating was noted A detalled record was kept of all macroscoptc and 1 mlcrosc D
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 observations made during the cleaning procedure and phot6gmphs were taken

‘periodically. BV ¥

Biofouling and cal'ro i _ oducts were rentoved from the coupons by sequential
waghing, somcauon and arid ueatment The coupons on the holder were rinsed by -

wdly dxpptng and swnrhhg inall beaker of distilled water. Gentle rinsing removed ‘
" the loosely attached matcnal but thxs treatment was not standardlzed. The washer was '

rerhoved and bent glass rod hooks were ysed to hold the coupons dunng the reJmarmng

cleaning procedures ‘ N R 2 o

A smgle nnsed coupons was prepared for scanning electron rmcroscoplc (SEM)

cxammauon of the surface coaung and the attachment of the rmcroorgamsms to the

. coupons One of the four coupons was fixed 4n 0.5% glutaraldehyde for 5 rmnutes and

therr dehydrated forS minutes in each of 30, 50_, 70 and 95% ethanol (Obuekwe etal. . ~

1981b). It was then cn‘tical-potnt dried in CO, /an/d sputter-coated W_ith 15 nm of gold for

observation With a S~pectroscan Scanhing El'ectron Microscope Photographs were taken , N
 at various magnifications, from 10 to 4000 ttmes and a size bar mcluded at the bottom of -

: each pu:ture for rﬁerence Elemental ana]ysns of the. coupon coatmg was madc using an

- energy dlsperswe X- ray drffracuon system The welght of fixed coupons was determmed
to estlmate the, amount of corrosion product attached ‘A wclght gam mdrc&ed that the:

corrosion products remamed attached to the metal surface ¥ , m:*

The rcmammg 3 coupons were cleaned with a combmauon of mechamcaf and \ |

chemlcal cﬁanmg methods rccommended by the coupon supplier, Champlon (1965) and ‘

t the National AsSoclatlon of Corrosron Engmeers (NACE 1975b NACE 1984)

[

Ultmsomc cleamng is. used fo? remgval of corrosmn product and brologlcal material wuh )
TR T : 5

r dxfferenual' rempval of loosely

‘ nummal handling of the coupons This also alléy
: attached material and pghdy bOund adhercnt coadng (Fontana and Greenc 1978) In ,
‘addition, somcauon has becn used -for detemunaugnvpf )he numbe;s of bactena attached to o

o the metal surface (Sanders and Maxwell 1983) ta P ‘% R
Sy . . -3 . R *’Jgﬂ&d St ’{‘\?g‘ e T
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Indlvrdual coupons were placed in 18x150 mm test tubes con?nmg 10 ml of 0. 03
Mpomssrum phosphate buffer (pH 7.2) and these were then put in a Bronsonic 42 sonic
bath for 1 minute. If substanual coating remained on the coupons, they were transfcrred
‘ to a sec"ohd tube of fresh buffer for another minute of . sonication. Coupons were
exammed and the fnat ial and corrosion pmducts which had been removed were kept for ~
rmcroscopxc obscrvatron Although viable celis xvere often observed no cell counts were
made because the long sonication times used may have caused disrupgon of cells.

o Sonicated colipons were rinsed with acetor:ie."dried and weighed to rneaSure the
effectlveness of the cleamng procedure One coupon was ﬁxed and dried for SEM, as
prewously descnbed except this coupon Was not gold-coated as weight loss
measurements were to be taken -The typc and dlstnbutlon of deposrts remammg after t

sonication were evaluated and thé-eoupon surface was examined for corrosion. Partial

. removal of the'biofouling gave) an indication of the type of corrosion that had occurred
under the film. - | |

Treatment with an 1nh1b1ted' acld is’ recommended for removal of al] residual
corrosipn products gor 'deterrrunatlon ot’ welght loss due to corrosion and examination of
the cleaned metal surface for evidence of corrosioh (Champion 1965) The coupons were
| cleaned with Clarke S solutlon 100 ml 1.16s.8. (80%) HC1 + 2 g antlmonous oxide +2

g stannous chlorlde (Champlon 1965) The strong acid removes any corrosxon products '
from the surface while the antimony 1nh1b1ts attack of metal by formmg a thm ﬂlm over R

' the metal surface and the stannous chloride reduces any corrosive ferric chlonde (Clarke .

o 1936) ve caupons were 1mmersed for 1 mmute then nnsed wnh saturated sodxum

b1carbonate, distilled water and ethanol and dned with acetone (NACE 1975b). The

welght of each was determined to the nearest O 1 mg An untreated control coupon was
mcluded to deterrmne werght lqss due to acid treatment, Visual and mrcroscopxc

exammatron of the surface were made to determme the type and extent of corrosioh attack,

v “as descrlbed by Champlon (1965) and NACE (1984) Acld-cleaned coupons were also .
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~ examined under the SEM for chan 'es\in surface structures in corroded vs. ﬁnpom)de;d“ .

y

specimens.
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IV.-RESULTS AND DISCUSSION . -
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A. ENUMERATION AND ISOILATION OF MICROORGAN'SMS FROM OIL FIELD
SAMPLES

R Evglug; ion Qf counting mg;hggs |

Iron-reducmg bactcna (C b Obu;kwc, Ph.D. thesis) were casﬂy rccogmzablc by

their concave colonia morpholog)”*\‘and orangc color when gmwn on B10 agar and this
~ was.used to esumatc their mcndcnce ina populauon B 16 mcdmm was usedasa
dlffcrentlal medium and is not selective for iron-reducers but may be too rich for some
members of the indi genous bacterial population. This i is supported by the observation that
the v:ablc counts on PCA were higher for most samples than, counts on B10 plates;
thcrcfore counts on PCA were taken to represent the total aerobic populauon However,
there was no significant dnfferencc between the number of iron- reducmg bacteria on B10
medium (concave colonies) or on PCA (orange ‘colomcs).

- BlOlagar is good for detection of iron-reducers but has limitations for enumeration
because not all coneave colonies on B10 agar are capaBlc of mducing ferric iron. Simply

counting concairé colbnies did not givel the true population numbers in some cases. For
example, ESSO Lfndalc and Breton éamplcs yielded many yellowish, dryjsur.faccd{ |
'vqlcanb'\-shaped colonies with depressed centres whi_ch d'id»' not fcd_ucc iron in B 10 broth,
and were subsequently idcntiﬁéd as being prcdom@naﬁdy Pseudomonas spp. or Bacillt;s
’spp. ﬁpon further puriﬁcation and ;cplating on B10, many of these isolates did not’ .

“reform concave colomes ‘This emphasmcs the 1mporrancc of testing rcprcscmauvc

colonies to conﬁxm their iron- reducmg abxhty in B 10 broth.

Thc MPN- mcthod for enumerating imn-‘reducing bacteria yielded higher counts
than aerobic plate counts for some Pembina and Cold Lake samples. This was because

- . the broth or soft agar tubes allowed for detection of the total number of iron-reducers,

63



including those écrobic bacteria that did not form éoncave colonigs (C. Pantcr, M.Sc.
thesis) and some of the iron-reducing, anacroﬁic clostridia. In all instances, aerobic,
iron-reducing bacteria comprised a substantial portion of the total iron-reducing
populatmn detected. |
B10 bmth, hchvcr, was not é]ways reliable for MPN determination. Interfering
reactions sometimcs masked the determination of the yelioW to green color change. These
o includcd blackening caused by the presence of suiﬁdevand precipitation of the medium
componcnts because of the salmc water and by the activities of unknown bacteria. This
was, in part, avmdcd by usmg B10 soft agar tubes, in which prempuauon was prcventcd
and individual black, green or white colonies could form. Extensive blackemng of the
tubes still 60curredin.the tubes from lower dilutions, either because of the sulfide présent
in the water samples or sulfide production by SRB. In conclusion, it is recommended
that both the plate count and MPN methods for detcctmg and enumeratmg iron-reducing
bacteria should' bc used in conJuncuon to dctenmnc the presence of thesc bactena in oil

field samples.

Distribution of bacteria in oil field sam

The average pH and sal.inity, the number of samples anaiyzcd and the number of
different strains of imn-rcduc}ng bacteria isol’ated and chafactcﬁzed ﬁom each source is
presented in Table 4. The averégé pH ’Of the sampled water ranged from 5.5t0 7.2 and
the salinity ranged from 8 to 120 parts per thousand (ppt). '

The sample temperatures and the iotal number of aerobic, sulfide-generating and
iron-rcducing bacteria detected in the IPL draw-off waters are shown in Table 5.. Tﬁe
numbér of aérobeg and sulfide-generating bacteria varied in a random manner, both with
the ‘souroc of sam;\)le and the time of sampling. Sveasc»)nal variations were obscrvcd with

) 'sqme samples,’ such as Pembina and Federated, with a tendency towards higher counts in
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Table 4, Summary of ol fields sampled for iron-reducing bacteria

f .

) , Number of  Salinity * Number. of different.
Oil field . ST samples™ T (ppt) pH iron-reducing
sampled Abbreviation analyzed __slrains isolated

. { L .

IPL Tank - s’ | .
Cold Lake 18  CL 4 - 805 6.110.2 ¢,41
Pembina 23 PEM 5 2016  6.410.2 "8
Federated 19 N FED 5 52+13 6.310.3 19
Redwater 24 ~ RED 2 7121  6.410.1 4
Wizard Lake 5 = - 1, 120 6.5 0
Rainbow Lake 2 i 1 90 55 0
ESSO Norbuck , : :
Breton  ° - ESSO 5 10.5+1.9 7.210.1 8
Lindale . 5 - . ) 0

Total number of .
.. isolates studied = 80
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. the summer p'eriod; Some ‘ﬁel'ds.,u Redwater Wiza'rd‘Lake and R‘ainbowA Lalce; had low .
bactertal counts whereas others such as. Federated and Cold Lake, had ccaﬂ‘lstently
.-1-‘ htgherc(ottnts' ST R SR N SR |
- All samples cdntamed aerobic bactena, from a low of 4t0 a-mgh of2, 66 X 103/ml o
' All samples tested contamed sulﬁde—generaung or. sulfate—reducmg bactena numbermg
“ from L 1to 2 4 X 104 per ml~of ﬂu1d exarmned ‘The counts of thrs physmlogtcal group o
B © of bacterta were usually htgher than the counts of upmreducrng bacterla For samples for -
‘ e, whxch numbers of both SUlfide-generators and SRB were determmed the . counts of |
‘ sulﬁde generatmg bactena were statrjtrcally s1gn1ﬁczmtl *;"‘Mer (P<0 05) than those for .
- ~ SRBin two cases Thrs may have been: gtther due to the 'reduc ‘on of the medium by the
| addmon of sulﬁte whrch helped the growth of SRB, ordetectton ofa large number of.

ERN

a sulﬁte-reducers that were preserlt The lmpOrtance of enumeratmg the sulfite-redticin g

-~

’ >
bactena in addmon to SRB to esgmate the sulﬁde-generatmg capat:uy of the populatlon -

was emphasrzed by Westlake and Cook (1978) and Obuekwe et al (1983)

In the samples exammed ing _1s study, the dtsmbutron of iron- reducmg bacterla Y’

o -reducmg baetena were détected in thc MPN tubes

11
18’} 15of 18 IPL draw-off water samples and concave, orange colomes were found on
¢

B 10 agar plates from 11 samples Counts vary wrdely wrth the source of sample w1th

also vaned ina random manner

T values rangmg from only l or 2 colonres(too few to count) up/td 8.8x 102/ml (33 of

efrom o

* the total counts of aerobrc bactena) Obuekwe S ongmgl n'on-reducmg 1solates < ,'
. / . o
a survey of thc Pembma orl ﬂeId but in thlS study, Pembma samples had*very low counts :

- of tron-teducers and ytelded only 8 1solates Therr presence in Fedlerated samples vaned

Wtdely fmm nondetectable to readtly detectable numbers }n June samples Redwater

*

samples had low counl;but some uo‘w- e?uccrs were found I—hghly salme samples, such ,

», as those fmm leard Lake (120 ppt);gna Rambow Lake (90 ppt), had low bacteri’al’
counts and no iron; reducers were detected All of the Cold Lake draw—ofﬂvater samples P

¢
A

._‘-v

w‘ ’

g a; S NS 3 oo
SRR ; Sy . - L]



whlch come from a ﬁeld whlch is usmg steam mJeenon to recover heavy oxl contamed R
¢

. s:gmﬁcant numbers of uon-reducmg bacteria. W orgamsms ‘were a major cbmponent { e

‘(8-39%) of the total aeroblc populauon “ . . _ ‘ * ,

\S[];e numbers of bacte:%tected in Esso Norbuck samples are shown in Table 6.
Sc:me of these samples had hlgh numbers of aeroblc bactena, and 3 produced waters from
‘aronnd Breton Albena had 1ron~reducers present.

()11 samples collected from pipe lines at the IPL tank farm all. had very low"’total :

. 1“;}5

‘ bactenal counts ('I‘able 7. Very low counts. of. sulﬁde-generators were found in3 of ﬁ
IPembma and Federated onles Iron-reducmg bactena were only found in the Cold
- - Lake ol usmg the B10 MPN soft agar technique: although 1o aeroblc bacteria could be
. tsolated from these tubes B 10 soﬁgér was used fox\detectmg these baﬁtena in oxl _
.‘ s%mples as the oﬂ u'ras dlspemed .resulung 1n an mcrease 1n exposed surface area and thus

| 1mprov1ng bactenal detectxon 3 | | R . B
Obuekwe (Ph.D‘ the31s) consmtently found iron- reducmg and sulﬁde generatmg .-

¢ bactena in Pembma 011 samples “The relauvely low mcxdence of rmcroorgamsms in’ ’ 1
o Pembma 011 now mdxcates th§t procedunei,asuch as’ conmb},qi i;e bottom sedxment nd B
: water content (BSW) of 011s and the use of 1des’§a been 1mplemented w‘hlcfil

apparently have reduced the bactenal load. : | ”\\"’ :

Bactena w1th the ablhty to reduce femc iron have been assocxat wnth corros:on of

L4

metal 1n oxl plpelmes (C 0. ()buekwe 129 .D, thems, Westlake et al 1986) A total of 80 '

- actexial culture's (which h charactcnstxcs sumlar to Obuekwe J xsolatc Ps 2&" were

r tud} and all were subsequently 1denuﬁed as bemg su'ams ; e
B). Anad "uonal 45 aerobic bactenal 1solates found monl -
a and produced water whlch wouldnot reducc femc jron represented membemof the Ll



3

Table 6 Summary of bacterial oounts salmny and pH ofproduced water samples from
the Esso’ Norbuck oil ﬂeld Drayton Valle?, Alberta R
A ’ . . l\

2.

‘ Total aerob‘es tron- reducm bacteria __SRB
‘Sample no. - counts/ml counts/ml (% total MPN/mi" pH . Sali

Well locEtion '- ‘Y N count) - (ppY)

" BRETON
_ Nov-84

“+

. ) . q N v N ‘) . ‘ "
1. 4 2WW5\“. 227000 . 2300 - (1%) 13 72 13
2. 10-35-47-4W§ © 4 330000 'ND' -t 7 14 95

3..12 26-47- 4W5/ © 470 TFTC (1)"" (<1%) 170 7.2 .8

""4,:16-23-»-47-4W5 g 35' boo} 5000 (1% 33 71
9. '1%;35-4_7-4W5 o igd - ND o L "7..1 11
uoae o2 T
\ Nov-84 . -,
5. 14-18-49-5W5 520 N - <0 -
6 1a27-496Ws . 126 000 ND . - .23 . .
7. 1.6-33-.g'9-sw‘s‘ 310000 N - sal o, -
8. 16-19-49-5W5 76 400  ND - 045 - -
"0 'aggjgg;.sws 3 400'690 .\ R | L -

- * ND=none detected  °

T o nO( Jdetermined r o e | Ch
‘ *** TFTC= present but too few'to count (approximate number) : {

U
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smooth ~opaque col

koth.

oo

genera Pseudomonas, Avlcalt'genés, Bacillus, Flavobacterr'um, Micrococcu.r and

R

Corynebacterium. ‘ZD
-reducing cultures were isolated on B10 plates which yielded

* The majority of
4
' oncavc, orange colomes varylng in srze and. shape Some were small (4-5 mm),

¢

ies with varying drameter of concave centres wlule others were

larger (10mm), spreadrng, uansluscent types somq w1th mclusrons and some wrth dark

green cen(res Potenttal uon-reducmg 1solates from PCA plates were convex in shape, . -

- ranged in color from salmon pml(to dark orange and some had smo«.dges wlule

-others were lar i ,oadmg colomes ‘Rccords Were kept of the source and approxrmate

4
'of colony afﬂd al were conﬁrmed as bemg iron-reducers, in B10

o R .!'5"‘ A
ﬂ' ‘ ‘, C - o

.number of eack;

Imtlally, three cultures (T2Pem 12, T2Fed 3 and"l‘ 2Fed 4) were lateﬂ aeroblcally ‘ :
from positive:B10 MPN' tubes because ver}' @/ colomes gnew ongthe plax,es from Trtp 2 -
amples (Table 5). Tlus method was aljantioned becauseras difficult to 1solate and Q,
 purify mdrvrdual'“ olomcs. Anaerobxc incubation of B10 agar plates streaks:d from -
cultures in MPN tubes yielded numerous facultattve and anaerobic orgamsms with
: colomal morphologtes varying in color and shape from creamy white and: spreadmg to

l

shmy, black puncnform colomes Facultanve iron- pedumng bactena such as isolate Ps

‘ 200 grew anaerobtcally on BlO agar plate]s and formed small whrte colomes whrch ‘

developed green crust upon q@sure to air, These 1solates would not grow anaerobxcally

on PCA or O/F plates, because of alack ofa surtable electron acceptor Stnqtly aeroblc

Pseudomonas aerugmasa ATCC 10145 whrch dld hot reduce femc iron, would not.
s grow anaerobxcally on. either B10 medium or PCA Four tsolates des1gnated AN22, .
A AN24 AN25 and AN29 which formed concave colomes when grown aerobrcally\ﬁ

10 were 1solated anaerobtcally from san%es taken from Pembma, Federated and
edwe;ter on Tnp 3, June 1984. Additional uon-reducmg orgamsms.,(xsolated T .

d



a:f. ‘ . . ‘ N 13 5.

anaeroblcally from oil ﬁe‘ld cnvnronments, mcludcd 3 lactosc-fcrmcnnng Emerobacter sp.,
1 coryneform and 5 Clostridium sp. Anxacrobxc Clostridium spp. also were fou ~d, as ‘
' 1solatcd colonies, in soft agar MMIBN tubes from Cold Lakc oil (Table 7) and Cold La.\c. LN

-Pembma and Federated waters taken‘on, Tnp 7,Juge 1985 (Table 5). - - - ° ’

.

-m'nfir ini' ¢

) A corrclanon bctWecn mtratc reducuon 2 ‘,d, X ucnon was suggestcd by Ottow

. | (1969a, Ott:w gnd Glathe 1971) Howevcr cv s nefdtm AN 13 rcduccs Ternc iron
 but hias. WMitrate reductase act1v1t3'z and five Pseudamonas sp. 1solated from produccd

’ watcr and P aerugmosa ATCC 10145 havc mlrate rcductase actmty but do not reduce

| femc iron. Other researchcrs such as Joncs ct al. (1984a) and»Pfa.ﬁaénd Flschcr
(1984) also have 1solatcd iron- cérs whxch did not rcducc mtraté'fnd vncc versa ‘
Sulﬁdc-gcneraung, nm'atc-l\vﬁl;zl:g P vulgaris ATCC 1‘15 did not rcduce mﬁ cltncr
The only other bactéra fqund-m this study thh the combmcd ablhty to fcducc‘:nlf;te and

. .
thxosulfate a;.v&’ﬂ“as .&r’%non werc thc anacroblc closmdxa ‘

‘ I§olhtes 1dcnt1ﬁcd as Clostndmm spp would not grow aeroblcally, produccd

"

spores and d1d not reduce sulfatc when grown in modxﬁed ‘Butlin's medlum

Iron-rcdu'cmg closttqma are commonly 1solated from soxl and sedmlents and thc )

sp havc becn studied by Munch and Ottow
g
(1982, 1983 Ottow and Munch 1978) and Hamman and Ottow (19]4) Sulﬁtc reducuon

B X also appe to be Mdesprcad amongst thc clostndxa (Laxshley et al 1984) Smce thcy ‘

. R charactéristicslof 'Str.ainS‘of "Clo_.?'}_ '

..‘ / ) )



Table 8 Altematc clectmn acceptors used byml ﬂcld 1so'iates and known bactenal su'aiﬁs B

ot
. “

.
e
Ei .

,

Electron acceptor reduced .

R

" - Fe(il

" Oil field isolates (# strains) © o Feqll) -

505~ 5,05

Nxtraté to

 to.8T

P 'toNazf‘ to Gas

Z‘,

. ;Alrerémona& gu’trechiens;-(SO)z + . + (9(??) + + -

- Coryneform (AN 1) o e -
‘Ente'robacter'sp (AN 27) o+ - "L + -
C‘iostndlum sp. (6) - TR R + . nd® nd

‘_I-PSeudomanasSp ® - . & + -
P. vulgans ATCC 13315 . oo + % + ]

P. aeru.gmosd'ﬂ'cc 10145 e i A T
X B A
2. nd= not determineds o
e \ . o



" are feadlly isolated frﬁﬂ and produoed Water they could foxm a part of tho bactenal
populanon tha; comnbutes to con'osxon along with the A. putrefactens M j,
' o The lactose-fermemng*ﬁumns xsolated from water samples were 1denuﬂed as

Enterobacter sp. but as they do not form' concave, orange colomes when grown

)

‘ aerobxeally on ‘BIO plates, ey would not have bee(detet:ted by the aeroblc spﬂ:ad-plate -

oo v techmque us Y

e "/

cbmmqmly i lated @131 so%l‘s'@romﬁeld 1954 Ottow 1969b; Ottow and Glathe 1971)

: ”fnd hz;\;eﬁ% been 1soﬁted fr&n the oil field envxronment (Dr. FD. Cook Un'—'?erSilY OF

o

Alberta personal commumcauon) Iron reductlon by vaqous membcrs of th e
. Enterobactenaceae has been studied by Ottow (15969a 1968) and Lundgren et al (1983) '

‘coryneform 1solate AN13, fonned puncufon*yellow colonies with deprcssed .

, ‘centres on BlO medium and would dsqhave been overlooked on aerobxc plates This
isolate was a gram v‘able mog shghtly pleomorphic cocoobaclllus It produced
_ acid from glucose fermenta‘ was ox1dase neganve and catalase posmve Ferric i 1ron
" was rapidly reduced in B10 mcdmm, but it did not reduce nitrate, sulfite or thxosufate |
E Ir&u—reducmg 'coryneforms have been isolated (Ottow and Glathe 1971) and an 1solate
A esxgnated Corynebactenum femreducta:s has been studied by Pfanneberg and F:scher '
(1984). L | | ’

_\

Mémbers of the genus Baczllus are common iron- red'ucmg 1solates present in soxl

-\ (Ottow 1969a; ‘Ottow and Glathe 1971) and have been prev1ously isolated from oxl field -

e

samples (F. D Cook, personal commumcauon) Some strams have been reported to form

concave colonies (Dl?anter MsSc. thesls), but no iron- reducmg Baczllus Spp- were

0,’

found ﬁ&rmg thlS study

-

The ablhty to reduce ferric iron has been reponed ina numb;r of other
- | 'Pseudomonas spp (Ottow l969a, Ottow and Glathe 1971) however no pseudomonads
- capfable of reducmg femc iron were 1solated fmm oxl ﬁelds survt;yed in thxs study

L . . . -

,»'5

§ ;th:s study Lactose—fennentmg, iron-reducing,’ gram-negatwe mds are B

&



%Iron-redueing organisms with biochemical characteristics similar to those of isolate Ps -
. 200 have not been descﬁbed in the literature. - While other types of iron-reducing bacteria

are found":n the oil field, this study concentrates on the group of orange~p1gmented ”

T orgamsms similar to Obuelkawe's cormsron—causmg isolate Ps 200 whrch represent a®

¢ substanual poruon of the, m iﬁmmdumng populauon

”N’

LY

[P *
e 4

&

. as stralns of A putréfaciem 13 resented in Table 9. A list of individual culture .

” collectlon xsolates. A”I‘CC tré.ms and thClI‘ charactenstlcs is given in Appendix E. All oil
. v
fgld isolates wérd &n}negduve rods with a single polar flagellum, oxidase and catalase

posrmg and pmc{u mon pink to orange pigment. All of the isolates examined,
inCluding«éﬁpfsfei‘fro '&%tfm:dd fernc iron. All produced sulfide from throsulﬁte

in defined medlum or whcngpy\m on*FSI medrum (leco) and 90% reduced sulﬁte Of

Lar 1t

thc 59 isolates tested all reduced‘mtralqto mmte Screenmg of these 1solates Wlth the

' i
API 20E 1dent1ﬁcauon syStem tentatlwely xdenuﬁed them as bemg suams of P.
putrefaclens All of the 1solates subsequently tested posruve for extracellular Dl\iase and

| .L-ormthme decarboxylase "I'he mol% G+C values for selected isolates were detemnned :
’ (Appendrx B) and ranged from 42 4- 56 0% within the tange of values reported for the

_ genus Alteromonas (Baumann etal. 1972 Leeet al, 1977)

@

AU of the isolates produced a weak acidic or an alkahne reaction whcn grown on.’
- glucose and an alkaline reactxon on lactose agars, reactions which are typlcal of : : ‘
Alteromonias spp (Lee et af 1977 Hendne and Shewan 1979) Tnmethylar‘le oxrde

- was reduced to tmnethylarmne whrch isa dragnosuc test for A. putrefaaens (Lee et aI

o« ~.
A J



‘Table 9. Charactefistics of Alteromonas putrefaciens strains isolated from oil field

samples _ _ ;
Characteristic P . Result (# positive / # tested)®-
Pigment ‘V" . ! e ‘st;lmonpinktoorangq‘
Flagella = iy polar, monotrichous ’ — v
-Oxidase : * o+ S . |
~ Catalase - Cl o
. OfF glucose L ﬁ oxidative, no acid (alkali) (74 /80)
. E !QE@ h acceptors reduced . )
. Ferric iron reduction i
H»S production from §7203~ +
o $03= ' (71/80)
'Nitrate reduction to nitrite + (59/59)
" Trimethylamine oxide reduced S+ (31/31)
'DNase B . +(31/31)
Gelatin hydrolysis e + (32/38)
Starch hydfolyéis - - -0/ 30)f ‘
'Amino acid decatboxyl o
Ornithine decarboxylase C+.(31/31) L
Arginine dihydrolase B (77 R N
 Lysine decatboxylase’ - (0/26) | '
~ Variable resul ; ‘ w o ' ‘ -n
. " Citrate ufilization I + (16/43) *
'+ Urease production "+ (10729 A
Growth at 4°C + @/43)
" Growth on 4.5% NaCl + (43/43)
.. 6%NaCl + (35/43)
¥ 75%NaCl S+ (33/43) 4y |
 mol% G+C -, 424-%60 (16)

{

ol a pth'grwng; all (80 80) were positive

[2)



S

+ Dif] n fllﬁl

35 >
l,’"!-n;
i

1977). This compound serves as an alternate elcctron acceptor for thc anaeroblc growth

of this orgamsm dunng fish spoxlage (ngo et al. 1984) All cultures were positive for

. gelatin hydrolysis but were unable to use itarch and did not show lysine decarboxylase or

arginine dihydrolaSe activity. Varied responses were olytained with regards to the
utilizationi of citrate and urease as well as salt tolerance and growth at 4°C.

Based on all of these reactions, these isolates could be placed iff the genus
Aiteromonas, and are clcarly 1dcnt1fiab1e as strains of A. putrefaciens (Hendne agd

Shewan 1977; Hugk‘tand Gilardi 1980 Semplgand Westlake 1987a). These oil field

‘h ’

7189

tsolates are strmlar 1o those m the sub-cluster Phenon E of Leeetal. (1977) which have %)

mol% é“+C content in the range 43-55%, produce H,S, DNase and ornithine

A . ,

decarboxylase, reduce mmethylamme oxrde and do not have a requtrement for'

-

ians for growth. o I ﬁ“%? :
4.‘(, N . . - .

, o - : .
Fifteen isolates were tested for growth on crude oil as the sole carbon source. They

emusified the oil and the medium became turbid. However, analysis gf the oil using gas

. chromatography techmqucs showed no changes in the sulfur heterocycle or saturate

fracuons There wa\s:?hght reductron in peak helght of only 2 or3 peaks in the aromattc

proﬁle, in the areas biphenyl and methylbxphenyl are resolved. Dther isolates with

' thrs capabtlrty, identified as Alcalzgenes Sp. and Acmetobacrer sp., have, been described

by, Fedorak and Westlake (1983). S e,

—~

“ N » . . . ‘
'

'I'he charactenstrcs used to drfferentlatc mdmdual A. putrefaczen.s’rsolatc’a S are
shown in Table 10. The oil fiefd isolates and ATCC type strains studred can be d1v1ded as
described by Owen et al, (1978) into four groups basccl on their abilities to grow at 4°C
and at various Salt concentratxons They can be further differentiated because groups 1

I

&
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. whereas all of the isolates in group 4 grcw in thc prcsenceof b0th 6% and 7. 5%
,’ .«,Z_An addmonal lz'ﬂgmup 4 solatcs were tessed apd grcw well on 6% NaCl and to v
S

. and4 isolates reduce sulfite and those in gmups 2 and 3 do not. All jsolates, howcver
‘readlly produced sulfide from thlosulfate and it is probable that in group(%nd 3 lsolatcs.

thc sulﬁdc ongmatcd from the sulfane sulfur (Chambers and Trudmger 1979) of

thiosulfate as these cultures cannot reduce sulfite (Obuekwe ct al. 1983). Ninety percent o

of all the strains isolated reduced sulfite, and basod on detailed count data, isolates
showing gtoup 4 characteristics predominated in the produced fluid samples examined.
The cultures studied in this survey showed a varied response with regards to their abilty

to produce acid from glucose, grow on citrate and produce urease. The mol% G+C

k]

- cdmposition of rsolates increased fnom an avcrage of 43% in group 1 to 53% in group 4.

The average mol% G+C calculated for each group | is similar to those reported by Owcn et

~al. (197 8) who used a sumlar scheme to classrfy isolates of A. putrefaciens into DN A

homology groups. A summary of the charactensncs of these groups is prcscntcd in Tablc
11. |
" Several studies (Holmes et al. 1975; Levin 1972 and Riley et al. 1972) have

reportcd that A. putrefaaens isolates can be drvrdcd into a salt tolerant group. that will

grow in the'presence’of NaCl concentrations greater than 6% and others that wnll not. As

“ the 1solatcs mvcstrgatf{/gu’s study were obtained from oil ﬁeld fluids with salinities
- .

ranging from 8 ppt to 71 ppt, a survey of their salt tolQ;_ancc was included in this study

"ﬁ.x

}All isolates grew without thc addition of NaCl to the medla ahd would also grow in the

) .'prescnce of 4.5% NaCl (1 e. they were halotolcrant) "Only 2 rsolatcs ESSOA 2 (grpup

2) and ESSO 1-3 (group 3), of thc first three groups grew in thc presence of 6 NaCl ¢

'/ ‘3Jl~‘

dcgrces on7. 5% NaCl. That is, group 4 isolates, the predominant group, co' d not grow

at 4°C but are relatively halotolcrant whereas 4thosc isolates in groups .1 and 2 are only

- mildly halotolerant but'could grow at 4°C. Only isolate ESSO*1-3 and A.’putrefa-ciens~
ATCC 8073, were mildly halotolerant but did not grow at 4°C; that is, they were
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”\Table 11 Summary of charactensncs of groups of A: putrefactens . L A -
\l\, T Growth ~____ HZS producﬁon N !

L PR +NaCl - - __fron ~ Glucose' Stmn;ons mol%
Group _ 4‘5%]5% 8203 SO3 - acug citrate 3 ?m&sc G+C > .

1+ - T e (R 43..7_:'t‘1_.'6i
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mtermedtate in character between groups l 2 and 4 Based on these results and those in

. the ltterature (Lee gtal. 1977 Rtley et al. 1972), the use of degrees of halotolerance asa -

| taxononuc cntenon for subdmdmg strams of A putrefadlens/is ‘of quesuonable valye.

K

:‘\ Leeet al (1977) studted,the salt tolerance of two subclustergf of Phenon E@A." L ,

_ P putrefaczens strams) but could not divide then‘ 1solates baséd on then' a’olhty to gréw . o |

| 6% NaCl. Rlley et al (1972) also reported a w1de range of salt tolerance in chmcal '
1sol,a;;s of A. putrefaczens Cultures exhlbmng var‘ymg degrees of halotoleraﬁce have

L ’ -

also been 1solated from dtl ﬁeld samples ’_k RS

Infonnatton in the 11ter.ature9n the dlstnbunon of A. putrefaczens has suggested

) “mps 1 andsZ isolates, whlch grow af low temperatuxé:s te‘hd to be 1solated from -

. spoﬂmg fish and meat GParker and Leviri 1983 McMeekm and Patterson 1975) The

" more salt tole‘l group 3 and 4 1solate/s, whlch grow at lngher temperatures are '
'predommantly from human chmcal.specunens (Levm 1972 Holmes et al7 1975 Owen et.

| ~al. 1978) In the present study, group 4 lsolates were most common and were obtamed

all the 011 field ﬂUIdS examﬁ?ed Detalled count data show that all isolates from _A

, Federated samples and more than 95% of the Cold Lake isolates were salt toleran°t (group . -

4) whereas groupsal and 2 type 1splates were found only in lower sahmty samples (Pem\ o

CL Esso) . [_“I o . M e :,f_ S N

A Several ctﬂtures whieh recjuil'e a seawater base for growth and which are similar to -
: the Alteromoﬂas subcluster C of Lee etal. (1977) were tested for iron reductron and \:T'

¥, .
sult” de productlon fmm sulﬁte and thlosulﬁte These 1ncluded plgmentedAlteromonas

aurantta/ATCC 33046, Alteromonas rubra ATCC 29570 Pseudomonas ptsczada ATCC
; s/ |
X / '
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15251 and non-ptgmented Alteromonas haloplanktt.;}t(l@dﬂ% Alteronwnas - ( :

-

macleodu ATCC 27126 and'Pseudomonas atlantica LTCC 19262 None of thesc xsolates
' carned out cither reacuoh mdxcatmgvthat physrologxgally this subcluster is qmté dxffemnt ‘
. from subcluster E which contams A putrefaczens strams These culturés xcept A

aurantza, also tested DNase posrtive, ,whlch dlfferennates the genus Alteromo>zas\ fmm \ o

LI

and. dld not reduce TMAO (Append1x E) -

PR .
LN . L . N - v
\

Studres by Van Land$hoot and.DeI:e 3) dxfferennated the vanous ' e
Alteromonas\sp of the basis of rRNA/DNA ybndxzanon and concludcd that A '
putrefaczens was sufﬁc1ently dxfferent from other Alteromonas Sp. o represent a sepaxate )

¢ branch of the genus The four sepaxatc DNA homologyv grodps also were drstngutshed
by th;s method Included m the branch were a lumlnescent bacterlum AIteramonas :
hanedal (Jensen et al 1980) and agandegradmg Pseudomonas atlanuca Phylogenetlc
studles based on analysrs of '5§~and 16s rRNA sequences places A. putrefaaens 1n the

gamrha 3 subd1v181on of the purplc photosynthenc bactena and thetr relatives (Woese ef !;» S '.,

al. 1985) closely related to the vrbnos and entenc bacteria. Also. m,thls group area . -, s
nurnber of Sulfur-oxrdlzmg bacteria and mon-oxrdlzmg thiobacrlll (Etahl et al. 1987)
o8 Woese (1985) speculated on the close evolunonary relauonshtps between bactena with.

' Jvanous ox1dlzmg and reducmg metabolrsms, 1mplymg thft the. two metabolic pmc;sses
are closelyvrelated and that evolution turned them in elther the oxidative or reducnve _'
drrectlon An interesting phylogenenc relau?nshlp was found betw\een A. putrefactens L

’ and two deep sea, barophrhc strams desrgnated Vibrio benthzca based on thetr S
S " sequences of the 5s rRNA they contain (Den).mg etal. 1984 Stahl etal. 1987). | |
'MacDonnell and Colwell (1985) have gone so far as to propose a new genus, -

'>Shewane11a, for A. putrefaczens -and these other grgamsms wluch share an evqutlonaxy
\ hlstory and Wthl'l are dlstmct from other Alteromonas spp (Van Landshoot and' DCLey

\ 1983) Analysxs of the 5s. tRNA sequences has only been reported for one group l o

~ : . »

N
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e strrun,. ATCC 8071 and analysns of straing th other \groups should be ‘performed tc}

-

85

' conﬁrm thrs hypothesxs The othet orgamsms o be mcludéd m this genus, salt-requiring -

A hanedat and the ferm tative V benthwa, shou]d alsobe tested for i iron-, sulfite- or’ ~

7 TMd-mducing abili Informanon gathered on the 80 oil field strams should be USCf“l
or classrﬁcanon of the genus v I T o
i '_ S V " - - - l K ‘.s L
o T, e ) o ® - .
Summary. e

E : Strams of A. putrefacrens have been readxly 1solated fmm the oil ﬁeld ﬂurds

‘ M
examlned in this studg Thcse 1solates exhlbrtcd varymg degrees of halotolerance, were

capable ofreducmg iron and prodqug sulﬁde and some were able to grow at 4°C. The

vanatron in biochemical charactenstms exhibited by these orgamsms, such as a range of

. growth temperatures, degrees of halotolerange and thelr unique reductwe capabllmcs, . 4‘

b mdlcate that they could contnbute to cotrosion ih diverse oil ﬁeld enwronments The fact .

that ail ls,olates tested v were capable of ferric iron 'reduction and sulﬁdc generanon

o g
properties not found in the salt-requiring alteromonads or in all pseudomonads suggests

that A. putrefaczens strains are-a readlly 1&enuﬁable intermi te group, readlly
N 4

drstmgurshable from other gram-negatlve, aerobic rods.. o ‘ TR _

Y » _‘f

Iron-reducmg 1solates Wexe mmally“screened for iron- reducmg actmty of growmg

cells in B10 medium usmg the compa‘rauve procedure of Obuekwe (Ph.D. thcsrs) whlch

3

measures the total iron produced overa 3 hour 1ncubauon penod Initial stud;es 1nd1cated |

that in order to compensate for shght drfferences mJag. time before iron ‘Teduction begms
N
and the early levelmg off of ferrous ion producuon at hrgh reduction rates, the rate of

ferrous ion pmducuon should be measured. Further studres usmg a defined assay



[}

\ . ' -
- N . .
. : : . . B . ' ' # L

system, thh lactateas'the carblon source and restmg cells rather- than growmg cells
(dbuekwe et al. 1982b), showed that because of dtfferences in g‘rowth charactensucs of ,

dlfferent 1solates, iron reductton rates could not be oompared on the bas1s of cell number. . o

’ optlcal denslty or dry werght However useful data could be obtamed by companng

Q
\\\ N

-reducmg actMty baseu on the protein concentratron o{‘ resung cells. Data fori tron '
' .

reductton expertments,.wrth- 19 1solates ane"’glven in Appendng F. ) o 3.

(Y .u

‘e

\ Growth curves of 4 uon-reducmg strams, grown aeroblcally at 27°C in Butlin's
medrum, are shb\ya n thure 8. These 1solates showed srmrlar growth pattems w1th
" slight differences in lag fime, growth rate, and\the final optrcal density readhed The
changes i in oD per hour during linéar growth (1 e. be}ween about 0. 2 and 1 OD~uv}1ts), o
were’srmllar for all 1solates (Ps 200 =0, 263 Pem 12=0. 237 T2Fed 3 —’6‘248 CL41 =
O 229) 'I:he ave%ge for 7 tests én 5 1solates was AOD/h 0. 2’45 &+ 0 QZ& |
- Restmg cell suspensrons were routlnely prepared from Gu],t\Jres grown for 1310 15

hours whreh were in late exponenual phase to earIy stationary phase of growth. 'I'he 19 s,

»

SRS 1solates tested had a ﬁnal/g)D's rangmg from 0 59t0 1.57 (Appendtx F). Cell

suspensrons were prepared usmg 1 g'wet -weight of cells in 80 ml buffer whlch gave - )

protem \concentrauons ranging.from 255 to 74l Mg ﬂlotem/ml CeM numbers varied

"+ widely from 33X 107 up to 7 X 109 /ml. The use of increasing,volumes of restmg cell

suspensron (from 05t0 3 mb), yielded utllrzable iron reducnon rates for all strains tesfed

'l'he data in. Flgure 9a shows the ferrous iron pr?ductlon with mﬂe.for varym g

A

concentratrons of: restmg cells of 1solate Ps 200. In px:ehmmary expenments assays were

. Kt
'

camed outin mphcate and the standard devrauon of the iron concentranon measured at
- each time point ranged from 2 to. 10 mg Fez"'/l All furtherexpenments were performed
using'one tube for each concentration of cells bemg tested.s Rates of ferrous ion '

]

producnon were calculated from the slope of the curve usmg a linear regressnon program, . ’

to ensure that correlation coefﬁcr__ents were'always greater than r==O.-99. “The data in Figure

- = . A
. - -

Qe ‘ S
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anurc 8. Acroblc growth of foir mon-reducmg 1solates of A putrefaclens at 27°C in
mod;ﬁcd"Butlm.s medlun{ ' ‘ﬁ B o o
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Figure 9

A. Note thdt fcrrous ion'pr
_Fe2+/1 Rates greater than about 130 mg Fe2+/l /h would require more time

Iron reducuon by mcrensm -vo}umes of restmg cells of A. putrefaczens
1solatc ‘Ps 200, ' o \
uction levels off between 300 and 400 mg

points for accurate measurement

B. Increase in iron reduction activity was propomonal to increase in protem

concentratlon for all 1solates tested pp to 1500 pg/l protein. ¥ron reduction per
umt protein was calculated for rates between 20 and 130 mg Fe2+/1/h '

~ . -~

Co
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9bgshows a linear inc‘x:e&sc‘ in iron reduction rate with increased protein corLOOnuﬁaﬁan.‘ A .
’ linear increase in lron hbdﬁctio:fratc was fouﬁd up to approximatély 1500 pg protein/ml
 forall of the isolates tested. Reduction rates betwcen about 20 and 130 mg FeZ*/h,
whnch\l\owcd a constant: ra;c of fcn'ous iron production for 3 hoirs, were used for
calculation of iron-reducing ak;tmty/mg pmtcm nghcr rates (160-200 mgFe2+Nh)
were estimated to dctcrmnnc the acnvny vs. protein-content curve for each mlate. shortcr
‘sampl ing nm &/ould havc to be \uscd for more.accurate rate dcthnfnhtmns Atferrous @,
ion concentrations Between about BQO and 400 mg Fc2+/l, the rite Fcz"' release
lcvcllcd off bcforc accurate rates could bc determined a.nd the medium changed from green

to whltc. wnth some prccnpntanon occumng Intcrfcrcngc with i uon reduction assays by

phosphate,-which precnpltatcs the ferrous iron, has bcen reported by Amold ct al. (1986a,

- t .
1985b) Iron phosphate precxpltates {Fc3(PO4)2 8HO, vivianite] in BlO medlum were
noted by Pantcr (M Sc. thcsxs) and by Pfanneburg and Fischer (1984) durmg thc \

reduction of the solublc ferric oxides lepxdocrocxtc and gocthlte ot '

~

. Thqeffec f thc growth phase on the rate Of’ll'Ol’l réductlon of rcstmg cells was¥

tested with isolates Ps 200 and T2Fed 3 ('I‘ablc 12). Separatc batchos of cells were

. harve.spd at dxffcrent umcs during dxffercnt growth phases. Although the resting cell
prcpamnons vancd w1dcly irecell number and protein conccntratlon iron reductton-rates |
per unit protexn for cxponenual and statxona&hasc cells were approxunatcly the same
for the throe batchcs ‘of 1solatc Ps 200 tested. For T2Fed 3, cxponentxal and carly |
stationary phase cclls showed hlghor rcducnon rates than stationary phase cells. Since
there worc no iliffeyences in the calculated rates betwoori .cxp'onehtiql and iarly stationary

phase cells for either isolate, 'fun.l{cr assays were done with cells harvested while the OD 1

-

was still increaéing as previously discussed.

<

‘Based on a study of 10 1solatcs, the opumum tcmpcrature fori iron reduction was

) 30°C as mportcd by Obueckwe (Ph D. thcsxs) .The assays wcre carried out at pH 7.2as
‘. . . " L
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Table l2 Comparison of iton reduction rates of resting cclls of exponential and suuibnary phase ciltures
v Lof two strains of A. putrefaciens

«
o 5 - 1

Harv_est time Viable,cell Protein Vol W
(OD600) numbes concentration - cells mg Fe A*A M ’.
(pg/mi) (g/10 cclls) -

fsolate  Growth phase (/ml) (ml) . Jmg protein®
¥ ’ ’ " . : \ ‘» -
Ps200  6h (088) 168x108 20513 176 05 . 20 L
exponential . 1 45 .- 153 ¢
’ : . 2 97 164 \
. 3. 159 - o
. S0 : Avg.=158,.
15h (1.6) 3.85x 109 432130 1.1 05, 308 142
stationary s _ . ™ 636 - 147
' 2 166 ce
’ . N ) : . Avg. =144
I5Sh(157) 976x108 624136 64 , 1 974 156
, stationary ' s , -
. ) A T . ¥ d ) :
T2Fed3 .14h(092) 6.00x107 ¢« 30646 . 510 05 . 106 -
: exponential - : N 23 ., 13,
o 2 61 100
, v/ 3 1033 ° 113
. Avg.=94
, < 3 .
17h(1.2) 1.80x-108" 469+30( - 26. 05 0 Y.
, ,satomary . ; 1 2712 S8
. : 2 537 . 57
. 3 82 R 58 ‘¢
] i ' Avg. =58
4 . . .- -
15h(093) ¢ |, : ) ] ‘
early stationary NG ¢ 540 £-20 - 1 51 . 95
. - -
/'\ \I/“ : ) . ° J
a. fron régucuon rates per unit protein were calculalcd for rates bctwccn 20 and 130 mg Fe 24a m
= not calculated _ .
c. I{G—nogrowth _ ‘ Bl - -
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- and Pem 12, For isolate Ps 200, a slight decrease in rate was seen at 60 pmol/ml.

. described by Obuekwe (Ph.D. thesis). The optimum pH for iron reduction was not -

determined but it was notaﬁat at low pH (~4.5), iron reduction was severely inhibited,

- : . . . ’ R N i
and at high pH, the ferric iron would precipitate from solution. s

The effect of lactate concentration on iron reduction was tested with three isolates,
including Ps 200 For all isolates, the ixgn»reductibn rates increased lincarly with

mcrcasmg lactatc concenfration, up to 30 umol/ml and then lcvclcd off. Athigher lactate

| conéntranons, up to 60 pmol/ml, rates contmucd to increase slowly for isolates T2Fed 3

-

. .

Obuekwe (Ph.D. thesis) reported a dramatic inhibition of iron reduction af lactate

’ . y y_ ’ ] '
mgccnmﬁons higher than 30 ‘umol /mt with isolate Ps 200. A lactate concentration of 30_ |
ur'nol/ml, as used by Obuekwe (Ph.D. thesis), gave the most consistent results and was

used in all assays. .‘

Obuekwc (Ph.D. 1hcsxs) found that Lhe iron reduction rates of resting cells of 1solatc
Ps 200 were constant for a penod of 4 weeks if stored in 0.1 M»é;s\q_h’atc buffer at 4°C.
The effects of snmn,lar stor@gc on resting cells of isolates Ps 200 Ptfr/nl 12 and ESSO 4-1
were 1nvc_:sugatcd to determine the stablhty o{ .vthclr iron reducnon capability. Changcs in
iron reduction lates, cell number and optical density were testéd at various times, from 1
hour/to 1 l'da)ls after the preparation of cell guspcnslons. Cells remained viéblc. for the
Storagc period, with a iny a slight decrease in number a:ld optical dcnsily ov{:r timcl
(Appendix F). The maxifnum reduction rates were founcl w1th freshly prcl;aréd cells and

reduction rates tended ta decrease with.increasing len gth'of Storagc time. Thcrcfdrc all

_ assays were camcd out within 1-2 hours of re/{ung cells preparation. With longer storage

times, an increase in lag times before iron reduction began was also noted.
Isolates listed in Table 13 were tcsteg for changes in uor\mducuon rate, cell

number and cell protein for uﬁ to a 3 day storaéc period. Although irori reduction rates

decreased with time, cells remained viable and the protein content remained constant. A |
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Table 13 Effect of storage at 4°Cin 0.1 M phos hate buffer on iroh neducuon rates of :
resting cells of A, putrefaciens straing
Stprage ~ Viablecell - “Total protein .-
time - number content Iron Rod\i ction Rate @ 30°C.-
Isolate..  (days) (/ml) (ug/mlcells) ¢ .(mgFe *N1/h/mg pmtcm)“' :
- ’ ) ‘\
Ps200 = O 97x108 623 + 36 156 |
2 2.0x 108 61318 112 . (28%)°P .
_ 3, 19x108 64948 6 (57%) .
Pemi2 0 . 2.1x10% 547 £ 16 T 234
2 7.0x 108 52618 145 - (38%)
3 8.8 x 108 53418 91 (61%) -
CL41 0 3.3%,107 474 116 95 .
2 2.0 x 107 46110 14 .1 - (84%)
T2Fed3 0 ~ .NGS. + 540120 95 .
2 4.0x107 542 £20 D (69%)

1

pmol Fe “*/h/mg protcm can be calculated by dividing by a factor of 5.58
* % decrease in redugtion rate comparcd to freshly prcparcd cells (Day 0)

€ NG=rno growth =

.

. 47
. In all caseg, the reactiol volume was 10 mi so thagiron reduction activity expressed as



total of 1 1 1solates tested vaned greatly in thetr sensmvrty to storage, wrth reductlon rates

| decreasmg from only 3% up to 84% after. 2 days storage (Appendrx F). Isolates CLQ_,J

and %Fed 3 were more sensmve to storage than other 1solates tested (Table 13). Iron | “ L

) : -reductiOn rates decreased so much w1th these 1solates that no 1ron reducuon was measured

: "'thh 1 ml of cells and rates could only be determmed by usmg larger volumes Of resnng

- cells These results emphaswe the nnportance of teshng a range Q{ protem concentrauons '

o when determmmg rates of iron reductton - j e

The reductron rates deterrmned for late exponenttal phase cells of 19 1solates of A s

T pu.trefaczens are shown in Table 14.. The cultures reduced soruble femc ions at rates J

o varymg from 42 up to 237 mg Fe2+/l/hr/mg protem (7 S5to 42 5 pmol Fe2+/h/mg o
i '_ protem) The reductJon rate data for dlfferent volu s of cells, as well as protem content

: —and cell number for all 1solates isted are glven m thef Appendrx F There were no stnklng

c

dtfferences in: growth charactensucs ﬁn number or protem concentratlons betwee

the groups of 1solates ’
- There were no sxgmﬁcant drfferences in the iron reducnon rates of the drfferent
. ,. groups of A 'putrefaaens 1sdﬁtes In BlO broth tubes, the color changes from gold to -

- '_green were somet1mes more raprd a,nd 1ntense for Group 1 and 2 tsolates than for Gmup 4

w isolates, bt the former did not appﬁar to have a srgmﬁcantly hrgher rate of iron reductton .

‘ 'm this assay AlthOUgh Group 4 1solates T2Fed 3 and CIAI had §Zomewhat IOWer

| _reducuon rates than 1solate Ps 200 (as shown in the eXperrments hsted in Tables 12 and
o | 13) and were more sensmve :o storage (Table 13),/grbups could not clearly be * |

: dlfferenttated on the basrs of their ;ron-reducmg abtltty . L

The electron transport and 1ron reducuon system m 1solate Ps 200 is complex,

%
< -

R : 3 '.’,c

- e
, . i -, : ) . e Lo . o o L, L .
e B ) P — A ‘_ [ ' o B -

»

o Arnold et al (1986a) found two reduCtase syStems, one const1tut1ve and the other mduced



Table 14 Companson afxron rcducnon rates of groups of A putrefac:ens strams ,
1solatcd from oil ﬁcld f,hnds '
. /Isolate o Iron Reducuon Rate@ 30°C . a. ,
‘ . (mg Fe +/l/h/mg protein).. ’
~ ' GROUPL /" _Avemge
S ' - | Ps200 . 156 o SRR

ST Pem12 = - 234 ' .

v .. U216 - - 94 ; .t " )
_— 2230 - 160 . o ’
ATCC 8071 132 155+ 51 «

IR o -213 T - 118 A S ' o
e " CL70" ' 184 R T
o A ESSO 41 : 167 . . o S '

LT " ESSO¥1 / - o 23 . . . -
L v 'ESSO4-2 ' . 153 16735 o -
' QROQ23 ' , . - ST,
. ESSO1-3 - 237 L - ‘
GROL}E4 SR = ‘
. .1 T2Fed 3 95 . . . o :
S CLal '. 02 o - )
RN I . CL31 . c T 177 , _— IR /
R 1 CLT1 : 106 /-
CUAN22 145 N \ /
‘ AN24 ' . . R ;
- Fed75 " . Y B o / -
N Fed 80 o U158 - 109+43 . e ‘

a. Reduction rate data for increasing protein concentrations and rate calculations for 94{ch
~isolate are listed in Appendix’F. In all cases, the reaction volume was 10 ml so that . |
-~ iron reduction activity cxprcsscd as ymol Fe 2+ /h/mg protein can be calculatcd by
dlrdmg by a factor of 5 58 ’

‘. . e L : S w T
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“ by gr‘ow\tl\under'low oxygen-tension 'I‘he;ells in the present assay were groWn !
o aerobtcally and should form the consutuuve 1ron reductase system m-tron-contammg

3 medlum *This assay would mmally measure the consntuttve system, as shown by the '
o ‘unmedtate reductton of femc iron. The effectsof the tnduced system on thJ.S assay were

ot mvestigated | 1 ‘ ' |

. 1
N No attempt was made to study the reactton mechamsm in the vanous strams iThxs

.,assay would be useful for any further study because rates were normahzed to cell protein -
‘l concentranon rather that OD valiies as: was done by Amold et al (1986a) It could aJso be &

adapted to pompanejhe effects of metabohc mhlbttors and.the mductton and competmon

between the vanous reductase systems (TMAO SO3 Fe3+ and NO3 ) present in these

and determine the s_ubstrates used by each system

_‘ |

One isolate, coryneform AN13, grew t0a higher 015 in peptone-yeast extt'aet based

. 1ron -free B lO medium than in modxﬁed Butlm s\ qutum The Opttmum temperature for

growth and i iron reductron for this orgamsm was 37°C, and it reduced iron in BlO o ’*'
" medxum but not in the deﬁned assay usmg lactate as a carbon source. - o .

Restmg cells of AN13 reducedf“ rric iron in B10 medlum at 37°C at a rate of 106
- mg Fe2+/l/h/mg protem wrth no decrease in reducuon actmty as a result of storage (Table
' 15) .Thts rate was sltghtly lower than the rates measured on Day 0 at 30°C for Esso 1- 3 -

Ps 200 and ATCC 8071 in the same assay. For companson of these isolates under

»
-~

defmed assay condmons, the range of electron donors used by AN13 would have tobe.

. detertmned

- These results illustrate the probiems of e,omparing different isolates under defined



-

.
R . |
3 . . '
R , |

Tablc 15. Companson of iron rcducnon rates of resting cells of A putrefamens strains .
and coryncfonn AN13 in B10 medium ’ :

e \

|

l - - ——

- R L

Storage\  Protein : “ Tron redugnon fate -
tine | ) conccntrahon ' ,mgFe ,

Temp. Isolate (days). / (ug/ml) /ml cells /mg protein &::

3°C  ANI3 & 0 ,-b-' o521 106 -

. I ) o od 0

30°C ESSO13 0 ' sz ., 12 288

| e 2 570 56 99

; ] :
e ixszoo 0 594 . 181 304,
. A.putrefaciens . - }, 5 R ‘
ATCC 8071 O ‘ 443 IR 102 : 230

. In all c,asas, the reactlon volume was 10 r;g}so that iron reducnon activity expressed as
pmol Fe <*/h/mg prot én can be calculated by dividing’ by a f‘actyr of 5.58,
b. AN 13 cells grown in B10 medium without FePO4 instead of Bultlin's medium: N

- & - =not avaxlable Day 2 protein content used for calculauon of Day 0 rate |



I

_ mmlomacetxc acxd (NTA) (Amold ct al 1986a) cannot be compayed Thc solubie fern‘: ,

& . . - a0 o o " PO
- : i

condmons and companng the results of diffcrcnt studies. All the A. putrefaaens strams

- tcsted had growth condmons, opumum temperatunes and jron reducuon rates sirnilar to

those of isolate Ps 200, but other uon-rcducmg orgamsms may have different growth e

rqqutrcmcnts for iron redﬁctton For cxample, Amold et al. (1986a) compared iron-

e

rcducnon of isolaié Ps 200 to other species using an~ say based on lactate as electron

donor and growth in modified Buthn s mediym. This mcthod gave s1gmﬁcantly higher |

¥

rcsults for isoldte Ps 200 as condmons were optnmzcd for thxs specxcs, but they may not

havc been othmal for the other isolates testcd In addition, the prcsencc of hgands and
iron spematlon greatl)f‘affcctod the rate of iron reduction in 1solate Ps 200 (Amold etal. (
1986b) Thcreforc, results obtamcd usmg dxffcrcnt assay pmcedures with msoluble ferric

iron compounds or soluble fcrrlc iron or by employmg various hgands such as - \ t

*

| "1ron is more rapldly reduced than the sohd forms (Amold etal. 1986b) This cxpl'ams .

" energy source (Table 16). - -

. 'why reduction rates determined for 1solatc Ps 200 on solublc ferric i 1ron undcr optlmum

conditions (C.O. Obuekwe, Ph. D thcsxs) appcar to be hlgher than reducmon rates fox:

~ other organisms on Fe_203(s) (Munch .and Qttow‘1983; Ottow 1968). o,

v e

Eu'] . —E- !]]‘[ . .T -1 '
Isolatc Ps 200 was able to produce ferrous ions from seven amorphous or . “
. .
crystallmc ferric uon-contatnmg compounds although at very much rcduccd rates than

from solublc FePO4 (Tablc 16) Ferrous i 1§on producnon was ﬁm tcstcd in 1ron-frcc BlO

mediam which was used for the mmal 1solat10n of thc orgamsms and Wthh had a sumlar

composition Wather test mcdta (Ottow 1970 Pfanncberg and Fischer 1984). The amount

%f ferrous i iron rcleasod was s1m11ar when assaycd in Bmlm s medium w1th lactate as the *

& a - * . -y
. . i

\ - q . ' N -
“There were no obvious changes 1n appearance in the inoculated oxide tubes other

o, M
* ‘
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Table 16. Ferrous iron felcasc from fcmc iron oxides in different media by uon-mducmg

A putrefaaens xsolate Ps 200 ;

‘ SN - ‘mg F92+/l pr@ucujin7diys\
. lonoxide . ~Fopmula TonfreeBIOA -~  Modified Butlin's

Synthetic powder . . -
- . . [}
_ Femicoxide (red) Fe;03 ~+ 116 %18 . 249106

: , : \ .
Femrifferrous . FegO4-"  .° 147 £40 168 129
hydroxide (black) - S .a
. .

Limonite . FeOOHnH30 253 2.8 148104

. Goethite -~ eFeOOH < - 149 £20 - 135 32 .,
Hematite.  oFeyO3 83 £20°. L6404 L
‘Magnetite: © oFe304° 49 £0.7 . S 40k 14

fderite’ - FeCO3 R4 25T a7 £23
chc phospgate FePOy 20N ‘ nd b
(soluble) o
A at7 days avcragepH 68 B , L . “ e

b ‘nd=not dctermmed
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i

jhan a shght mcrcasc in turbxdxty The inoculated tubes hadran average pH' of 6.8 after 7
days of mcubauon whxlc ‘the mineral controls were pI-I 7.0. Minerals showcd negligible

Fe2® producuon in thc abscncc of moculum The msolublc oxides in moculatcd tubes

- tcnded to lump togcther in a mass and mxcroscopxc obscrvanons showed some bactena m

» closc contact with thc oxide parnclcs Studlcs by Munch and Ottow (1983) and Ai'nold ct

101~

al. (1986b) indicate that cell contact 1s mqu for reduction of solid fernc iron. o

v AN -
" A time course of Fe2+ producnon by 1solatc Ps 200 from 5 femc oxides in Butlin's

medtum is shéwn,in Flgure 10. Fron was rclqased at low rates Wthh were depcndcnt on
the oxide forﬁn used, as rcported m studics by Munch and dtow (L983 1980), Ottow

g (1969a) and Fnscher and Pfannebcrg (1984) Crystalline forms such as hcmautc d

magnetltc are more. slowly reduced than goethlte and the amorphous oxides. After 10

days, Fc2+ conccntmnons lczﬂ'cd off for all the insoluble oxldes, except hematltc whxch

: mcreascd stcadlly up to 21 da’ys\.\sumlar time cofirse of solublhzanon was obtained in

~

" .iron-free B 10 medium. ) ’

s 7

<« The7 1solates sclcctcd, mcludmg A putrefaczens ATCC 8071 were also ablc to

) rclcasc fcrrous ions from insoluble red femqo}tdc at approxxmat’cly cqual rates: 16. 5 t

2. 9 mg/l in'§ days (Table 17) The rate ot':elcasc from fernc ox1de was measured i in days

’ ' whercas the tate for solublc FcPO4 18 much fastcr ar'ld was thcrefore mcasurcd in hours

All of thie iron-reducing culturcs yvhlch were 1solatcd in B1Q mcdrum and evaluated usmg )

assays involving soluble femc iron could also play an unportant role in the redupnon of
L0’

" insoluble oxxdcs. In addmon, A. putrefac:ens isolates should be detected by any assay
. procedure used to isolate-iron-reducing bacteria which is based on insoluble oxides

' (Ottow 1968, 1‘9¢?9b§ Ottow and Glathe 1971; Jones 1983; Fischer and Pfanneberg .

\ ‘ o RN
1984) . ’ v a‘z p o : e ' . N

.Reduction rates of isolath Ps 200 on F9203 (s) were in the same range as the,

: highest rates reported by Ottow (1968): 25 mg/l‘i'n 5 days by Bacillus circulans. &



¢ ‘ v ' .
Figure 10. Ferrous iron release from,; msolublc iron oxxdcs in modlﬁcd Butlm s mediur ‘

. .

by iron- rcducmg A purrefac:ens isolate Ps 200. o

/“ . -. b -

-

| _ : .
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. Table 17. Rclcasc f )\ rrous ions from powdcrcd rcd Fc203 (FlShCl‘) in modlﬁcd |

 Ferrous ions produced from insoluble Fe,04
\ | © ‘(mgFe?*n)
Isolate Days —  Day7 — Dayi0”
" A.putrefaciens o .
ATCC 8071 193407 © ¢ 249306 - 250il4
Ps 200 213807 270831 . 276435

. Pém12 - . 17.882.0, : -14.7_E.4 " 17,1109 "»v
5

40 . , ‘ié ‘ ) _. ‘v.

. A T G © v 104

- g, .

Butlin's mcdnum by strains of A. putrefabcens

"4

8 135832
ToFed3 . 145404 140804 - 127407

CLAL /136804 13.5

'ESSO4-1 14.240.4 14.241.0 12.8%1.5 o

ESSO1-1 «  150£L0 14,9412 133407

W
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pptrefac;ens strains should still be compared to other uon-reducmgtbactcna on msolublc

"~ oxides, undcr simi condmons, before statements on their 1ron~rcdt§:mg abxlmcs can bc

-

made:

-

1

D. -SULFUR ISOTOPE FRACTIONATION DURING SULFITE REDUCTION

! bic g b "»mlb-l‘. ]
. Acrobic growth curves in modifieid Butlinis meditin of isolates Ps 200 and Pem 12
“ ~rcpreschting gl:oup 1, and isolafcs T2Fed 3 (referred to as Fed 3) and CL41 from g}oup‘, |
4, were shown i in Figure 8.. Dunng both acroblc growth and anagrobic growth with
: sulﬁtc, the pH of the culture medium rose stcadlly to 8.8. Cclls were motile whcn grown
- under acroblc conditions-and during anaerobic growth with sulfite. Only 1solatc Ps 200
| was nonmotile during the linear phase f growth with sulﬁt’c, but regained motility inthe  p .
. statioqary p}}asﬁoaft-c.r approximately 60% of the sulﬁtqﬁhédﬁbgcr{ reduced. Grewth wi}h
sulfite had ﬁo affect on thc;ccll morp!\ology'of the isolates. | McCréad'y etal. (1976)
fepor_tcd ohangcs in the morphology of_ C. pasteuFianuf_n in .mcdia containing high sulfite

-

concentrgtions, - ' — o ' \

— ) + %
The data showing the anaerdbic growth and sulfide production during sulfite

- reduction by the fout oil field strains of A. putrefaciens (Ps 200, Pem 12, Fed 3 and ,

o . CLA1) are presented.in Figure 11. The isolates varied in the length of time before linear

gronth started, in the rate of growth and in the final optical density reached. Is;olate Ps

_ 200 showed the ;@stcst growth rate and foached a higher optical density than did tf* other
isolatés. The other isolates had varying growth rates but yielded similar final optical
densities. The rates Qf sulﬁde producuon varied atongst the cultures studied (Table 18),
wnth CL41 and Ps 200 having the hxghcst rates. The total amount of ulfide generated '
i ‘was snmlar for all four isolates (Figure 11), and rzngcd from 77 5-!;.2% of the

theoretical sulfide producnon (Table 18). As for other dlxmilatory sulfate- and -
- N . ' B M . . . . .
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Figure 11. Anaerobic growth and sulfide production patterns during sulfite reduction by -
" four strains of A. putrefaciens isolated from oil field fluids. o
(a=Ps200;b=CL 41; c = Fed 3;d = Pem 12) .
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Table 18. Comparison of sulfide generation and sglfﬁr isotope frlxctionation during sulfite .
reduction by four strains of A. putrefaciens isolated from oil field fluids
*y

- yd
Rate of sulfide ~ Towal% &S © 85 Hpsb
generation converﬁion , final -
Isolate (mmol/h) of SO3™ to §% reservoir Minimum  Maximam
: _ sulfur?
'Ps200 060 833 7 483 [142 +11.2
CL4 - 070 © 852 +24.4 M40 - 4117
, Fed3 0.41 1715 <4188 -133 ¢ 4202
L] . .
T pemi2 034 835 TR 136 . +342
] . .
2 determined from BaSO, precipitate . T

b. the 8345 of the starting SO3= was -0.1 %o



“ ' ' f . , _ o . - - - -. ‘ 5109 ;‘
'sulﬁte~reducmg bactena, sulﬁde productJon paralleled gmwth and the maxunum rate of
f ‘producpon in ﬂl (eromonas spp Was observed durtng the lmear phase of growth ’I'hrs

| 'mformatmrr s} e t’sk.that these orgarusms could add s1gmﬁcantly to the total—-producnon :

o of HZS in the oil field envrronrnent, depe‘hdmg on the avatlablhty of sulﬁte anda sultable

: carbon sources A possxble source of sulﬁte could result from the growth of dlssumlatory
' :sulfate-reduccrs Jobson (Ph D the51s) reported that Desulfowbrzo vulgans var

oxamtcus excreted conS1derable amounts of sulﬁte when grown at low d11ut10n rates ’

The patterns of sulfur isotope fractionation during sulﬁde generation, as a function

of tine, are gp'r'cs_ented in Figure 12. The'lowest,83.4S valucs Observed ranged from -13.3

8 -
-

'to-;14.»2%ov('1‘able.18'_‘);. The 8343 value of‘tlTe in_itial sulﬁte was determined to be--O. l.%o.

¥ 'Maxlmum ennchment of 325 i in the sulﬁde produced @ . the normal klnetrc 1sotope B

g effect) occurred dunng the mmal stages of growth and sulﬁde producuon As the cultures
: l"entered the penofi of max1mum sulﬁde producuon the sulﬁde produced became ennched

| 'm the 34S 1sotope The 8348 alues peaked upon entry mto the statlonary growth phase k» ‘

. jﬁand the rate of sulﬁdeéfoducnon decreased 'I‘he greatest: 8348 Value was observed for

. the slowest growmg orgamsm 1solate Pem 12 (Fxgure 12) There was no further change '

;in these values for’lsolate CL41 whereas they decreased for Fed 3 and Pem 12 W1th the

| vPs 200 cultgre, thls decrease was followed by a further increase late i in the stauonary

o phase of growth Stmtlar patterns of 1sotope fractxonauon dunng sulﬁde productmn thh

E mverse kxneuc 1sotope ennchment have prevrously been reported for C pasteurtanum

a (McCready etal. 1975) Salmonella hetdelberg (McCready and Krouse 1979) and for | ’

".‘



.

;'Flgure 12. Sulﬁdc producuon and sulfur isotope composmon -of the- sulfide evolved
durmg sulfite reduction by four strains.of A. putrefaczens asa funcuo‘ of

time. Honzontal bars correspond to the time mtcrvals of HZS collcctmn
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Sl e
other clostridial specie's (Laishley et al. 1984). The 8348 values of the resérvoir sulfur
are also shown in Table 18 and as expected restdual sulfur remaining in the reservoir at

| thqend of each run is greatly ennched m g,

IsotOpe ation patterns as a functlon of the amount of sulﬁde produced

'based on the total sulfite avatlable are presented in Figure 13. Companson of the 8348
values of the evolved sulﬁde and the calculated reservorr sulfur shows the inyerse isotope
fractionation effect for 1solates Ps 200, Pem 12 and Fed 3. The maxtmum ennchment of

sulfide with 34S is listed in Table 18, and occurred at approxxmately 64% ci)nversron for

. isolate PsWs +11 2), 15% for lsolate lkd 3 (8348 +20 2) and 81% for{

e . : : - -
~ isolaté Pem 12 (8348 g4 2) The sulﬁde produced by the latter two 1solates and in -
parttcular Pem 12 (Figure 13), subsequently became\nnched in the 32g 1sotope Slmtlar
fracnonatlon pattems were observed by Latshley etal. (1984) for CIostrtdtum T A

acetobutylzcum Clostrtdzum butyrwum C. pafteunanum and C{osmdzum perfrtngens '

: "'*Isolate CLA1 (Figure 13) showed.a:stmrlar patern b but 1o inverse isotope fractionation -
was realized (the 8348 of the evolved sulﬁde‘was‘not more positive th_an the‘rescrvoir v

'sulfur) and the 8348 vaiue d1d not decrease agam ’I‘he isotope ‘enrichment pattem of

‘ tsolate Ps 200 (Figure 13) was dlfferent in that after reachlng a maximum enrichment in |
34S at 64% conversiorr, newly formed sulﬁde became@leted in 34s (i.e. enriched in

' 328) unttl 81% conversion. Then the: fracttonatton pattern was again reversed and the
sulfide produced became ennched in 348. Thrs type of fracnohauon pattem was reported
by Lajshley et al. (1984) for Clostrtdtum blfennentans The isotope fr;cttonatton pattems
for all of the A. putrefaczens 1solates tested are predtctable and follow the trends descnbed
for Closmdzum  SPP- The growth pattern, that is, the length of the carly growth stage

. sulfide producuon rafe and the extent of conversion of sulﬁte before entry into. stattonary



g

Flgurc 13. Sulfu’r 1sotopc fracuonatxéﬁ pattemns of sulﬁdc evolved dunng Sulfite reduction -
by four strains.of A. putrefaaens relative to thc amount of sulﬁdc produccd

Horizontal bars com:spond to thc 8348 value of the mter‘vals of HyS

callected. Inversei isotope fractlonanon is evident whcn the 8348 ‘value of the
evolved sulfide is h1 gher than the value calculated for the remamlng rcscrvoxr

’

sulfur
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phase, inﬂuehces the ove’rall. magnitude of the inverse isotope effect observed.

. Sf‘"[ﬁad

These results of the sulfur 1sotope studies with A putrefac:ens s(rams have been

a _ published (Semple and Westlakc 1987b). The data reported mdlcate that strains of A.

putrefaczerQlated from oil ﬁcld flxids can readnly produce sulﬁde and carry out sulfur
isotope fractiShation during anaerobic growth w1th sulfite as the termmal ‘electron ‘

’ acceptor The isotope fracuonanon pattems observed for these Jbagteria are similarto

those,prcvmusly reported:for clostndlal specres, and they prov1de further sdpport forthe,

use of i 1sotope fractionation studies for thé diagnosis of drssumlatory sulfite reducuon

¢
. .

_These organisrrls could contribute to the production of H,S in the oil reservoir and thus7

-

¥ - l

' the overall fractionation of sulfur isotopes observed. ‘ N .

E CORROSION BY PURE AND MIXED CULTURES OF IRON- REDUCING
BACTERIA AND SULFATE-REDUCING BACI'ERIA s

) The weight loss measured and the calculated corrosion rates of mild steel corrosion

coupons exposed to pure and mixed cutures of A. putrefaczens 1solate Ps 200 and D.

vulgaris ALl in different media, are presented in Table 19. The weight loss

place and are‘vmeas'uredf after acid removal of all the comosion products'aud attached ~

115

A

~ measurements indicate. whether a srgnlﬁcant amount of general corrosion attack has taken

material from the coupons In order to evalute the mlcrobral corrosion process, the vxsual ‘

and mlCl'OSCOPIC Qbsemauonsof the changes in the coupons must also be considered.
These 'observations mclude a description of the Extent of bloﬁlm formation and the type
and the amount of corrosion product and broﬁlm that was formed. THis, can involve the
* . o . . . .

determination of the weight gain measurements if appreciable corrosion product remains

N ~ intact and adhering to thecoupons. The appearariee of the ooupons as the biofouling is -

.

. & : ' _ /
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Tablc 19. rrbsxon rates of mild stccl couponsm mnxed and pure ouhurcs o? tsolatcs
Al putrefaczens Ps 200 and D. vulgam ALl in dlffcrent med1a>

Corrosion Test. -~
‘Medium and' Time _ mx ght msa ——r. _Calgulnmﬂzmmmgm_
i mg/dm mdd ¢

inoculum - (wccks)

Butlin's ‘ |
Control 3 210 100£25 1.8 '
6 273 “@5:05 | 12,

S v o320 38101 070
Ps 200 3 - " RN 40101 072 -t
.6 109 2601  0.48 o
a 12 207+l 176 2.1+01 038 |
ALI 6  S13t19 486 ‘11604 21 o
- S22 32924 219 33£02 0.6 S,
Mixed -6  85%17 . T2 17+03 031 )
‘ 12 113+07 - 9%, -  L1x01 0.2 D\
Butlin's -YE ~ | =
Conrol ) 12 @7%19 32 4302 079
Ps200 12 45717 - 388 46%02 084
AL 12, 184431070 1564 | 186%L1 34
Mixed ° 12 2245%127 - 1904 227413 42
Buflin's +8,05= -~ - ~bL - . . ’
Control 12 900£100 763 - 9410 17
Ps 200 12 19.7+13 167 2.0£01 036
~ALL Co12 14894127 1263 15013 28 ’
" Mixed 12 354174 300 3.6£07 065 °

[y

B

a. Welght loss and standard deviation determined from triplicate specimens. Weight loss duc
to avid gcatmcnt alone, 1.0+0.1 mg, was subtracted from each valus :
. = weifht loss per umt area. Area-of coupons = G 1 179 dm
c.. mdd mg/dm</day _
¢ mpy mxls per year = mdd x L. 44/ dcnsxty Density of mild steel = 7.86 g/lcm2

- . o . .
s . .

< ) s T R e

/ i .
. v & " . .
. i . .
. \_\‘ o= . " £l . .
. ) )
” ‘
\
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~ removed during rinsing, sodication and acid treatrgent, and t,valuation of the pitting and

/, ¢
localized corrosion seen, must also be considered in relauon to thc wclght loss mqasured

.

The culture pH and ﬁnal cell counts in the mcdmm at the end of each test period are *

shown in Table 20. Fhere was no s1gmﬁcant change in pH in any of the tests with the *

“final pH ranging from 6.5 to 7.5 'I‘he counts gtvcr( reprcsent the number of cdlls .
* suspended in the medtum (ie. planktomc) and not the bacteria attached o the coupons - '

'(l e. sessile) and indicate that there are shll viable cells in thc.cultures Observations of

the sngmﬁcant changes in culture appearance gnd the devclopmem of biofouling on th‘e 4

- coupons durmg the course of the expenmcnts w:ll also bc dtscussed for cach test.

-

rile control

" ‘Under the experimental conditions used, that is, with stim'n_é_ and no artifically
. created anaerobic conditions, the controls would have remained aerobic. o ‘anaerobit’ |
- controls were estabhshed in this series of experiments as thgy were modeled after >

Obuckwg s (Ph. D thesis) experiments, and would have created another vanablc for the

inoculated tests. Relativefy-high weight loss was found for control coupons after 3
weeks,“rcsultintg?in an initial corrosion rate that was high, but which slowed down
markedly between 6 and 12 weeks incubation (T: able 19). This indicates that the coupons

R T : : A o .
co:rodo‘ﬂ Wdly, undergoing extensive oxidation?vhich'resulted in the development of a

passwatmg oxtdc coatmg and a retardation of the corrosion process The control coupons

developed an even, heavy coating of yellow-orange, amotphous crystals wnhm 3 days in

all the media. (Fxgdre 14a). The amount of this yqllow, spongy' coating d1d not increase

beyond the first weck did not reform again if dxsrupted and could be scraped off easxly

. ®

with tweezers during handlmg. A thick, cracked, dark brown, more protective oxide

- layer wns exposed below this amorphous yellow coat after various amounts had been

+ " removed by sonication (Figure 14b). Patches of cxpo‘sed; bare metal could also be seen

beneath this cracked, bubbly, oxide layer.

“



& Avcragc counts for the inocula were 4.0 (+2.3) x 1 09/mL Ps 200 and.4.2 (£4.3) x IOY/ml

D. vulgaris AL1 resulting in initial counts of about 8 x. 107 cells/ml Ps 200 and/or

8.4 x 100 cells/ml AL1 for each 300 ml test flask. 4 .,
* - =not present ~ -

. nd=not determined .

A

- 2

a ’ . , » .
PN It
Table 20. Final ccll number and pH of rmxcd and pure cultures of isolates A. putrefaaens
-~ Ps200and D. vulgaris AL1 in different media during corrosion experiments .
— ComusionTest L _Jﬁtbkmllnumbq‘lmlﬂhm".____
Mediumand -Sample time -7 Plate counts ' MPN
- Inoculum (weeks) pH Ps 200 * - D.vulgaris AL1
Control 3. 10 - O -
6 16.9 . . - '
12 7.0 - | .
Ps 200 3 6.7 98 (x1.8yx 107 .
. 6 66 - 32(0.4)x 107 . ,
o 12 65 - 90@#L3)x107 e
. J [N ’ . . . ) 0 ’
ALl - 6 7.1 - 1.00x 100 .
i 12 - 69 N 7.90 x 108
Mixed 6 10  177¢19x108  950x106 .
- 12 11 83 (1.4)x107 - 3.50x 108 \ ¢
, Contr'ol ] . 12 * 12 “ ., - -
Ps200 . 12 . 68 °  1.18(0.08)x 108 :
ALI 1 72 ) - 130x106
Mixed o 12 137 68209)x107  330x107,
Butlin's + $,03" ! | |
Control | 3 s [ |
: f e nd© contaminated -
' 2 7.0 S .
Ps200 3 61 154(i026)>5/108 S
. - 6 6.6 113(+015)x10 .
12 .67 - 50(i05)x10 - S
’ - ' 8 r 4
ALl R 2 7.0 - © 640x10°
'Mixed 100 <10x10% - 380x105
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. Figure 14. Scannin cléctron micrographs of the surface coaung on a mild steel control
‘ coupon after exposure for 12 weeks in contlmnus culture in Butlin's medium. %
A. Shows the amorphous nature of the yellow-of!mgc coating whioh formed °
on control coupons in the three media tested and - T
. B. After sonftation, showing the thick, cracked oxidc layer bencat’ft,xwith

‘patches of exposed metal surface (m). Size bars are mcluded in thc margm of

all photogmphs for reference. o ‘

[
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Sterile conditions were maiﬁtamca‘%thc controls throughout the experiments, with |

the exception of the 6 weeks control}5203=, which became é‘ontaminated after 3 weeks.

-

The contaminant did not produce sulfide or affect the coating which héd already formed.

Cdrrc;sion rates for controls after 12 weeks incnbatigwcrc about the same ‘in
Butlin's medium (0.70 mpy) and Butlin's -YE (6:79 mpy), whereas thiosulfate was more
corrosive and‘;csu.ltcd in higher corrosion rates, about double the other controls (1.66
mpy). Similar yellow coatings formed on all coupons in the different media but in
Butlin's +S703~ blackcncd spots dcv;lopcd in the coéting and arolind the washcr\'I‘he
un'dcrg:oatirig beneath the yellow coat/ was mucl; darker and tﬁi ker with thiosulfate

present than for the other controls but was similar in appearance to(the cracked, protective

’ . S~ )
oxide seen by SEM examination (Figurey|4b). X-ray analysis of the blacken ts

ide because the coating contained qQnly

\ C

a :
d all of the Q:dde coating from the

. showed that the blackening was not due to
iron, phosphorus, and chlog’i'ne:

Acid treatment with Clarke's solution re

) ‘cohtrol coupons, leaving a even, gray metal surface. No obvious corrosion.or surface

changes were evident, suggesting a uniform, general corrosion had occurred. H?}f:ver,
the control coupons from Butlin's +S703~ had a more mottled, tarnished appearance than,
_the other ¢ontrols, again indieating the corrosiveness of the thiosulfate. Thiosulfate has - °

been found to promote pitti'ﬁg of stainless steel in 804"—'/8203= solutions (Gamer 1985;

Newman 1985; Newman et al. 1986). - " —~ A R

o 3

A one minute acid tmatr:k:nt with Clarke's solution was very gffective in removing

a\dhqrcnt corrosion products from the surface of the coupons to leave bare metal and

further treatments were usually not required. Fresh coupon'sfwerc silver in color with a

-

A



 rough surface due 'to the.sand blasting treatment. The very rough, flakey, convoluted .

~
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surface of a fresh coupon after fixing and after acid treatmént is shown in Figure 15a.
Acid romovcd the coatings, but did not change ‘the overall appearance of the coupons or
affect the crystal structure so that the changes in surface roughr’\css or smdum of
corroded test coupons could be evaluated. Acid cleaning of fresh, untreated coupons for
one minute resulted in a weight loss of 0.0010 £ 0.0001 grams. This value was
subtracted from all weight loss dctcr,r;inations for the calculation of the corrosion rates of

controls and inoculated fests. The initial weight of the corrosion coupons was between

55.9 and 6.2 grams,

.

!

rrosion an h . jens isol

w h n : Corrosion rates found with pure

culturcs of A. putrelsgiens isolate Pé?OO ‘wcrc gcncrally lower than for the controls, o)
which was also not’b‘Q Obuekwe (Ph.D. thesis). The culture Mq were very cloudy
and the organisms grew well as noted by the high eourits. of ot'{;amsms suspended in <
medium (T able 20). The coupons remained clean and csscnpally free of coating g
throughout the 12 weeks incubatipn period, showing no build up (\>£ the yellow product

\ .
that occurred in the controls. The extensive oxidation of D’t? metal coupons that was seen

" in the controls would not be likciy in e inocylated tests because the growth of isolate Ps

200 would quickly create anaerobic condiiions In this experiment, the iron-rcducing

isolate Ps 200 did not remove the coating from the coupons, as suggcstcd by Obuekwe et "
al (1981b) ‘but probably prcvcntcd its formauon by removing oxygen. o -
Observation of the coupons from Butlin' 5 mcdlum under SEM after fixing and
dr;*fng showed that only a thin surface coating had formcd (Figure 15b). There was very
litle attachment of the bacteria to the coupons in this medium, and rod-shaped bacteria

covered with crystalline material were visible in the bare spots, dispersed sparsely and



- Flgure 15. Companson of t’hc Surface coauhg or&mld steq} coupons beforc and after
exposure. £or 12 weeks in contmuous culture to A. putrefactens xsolate Ps 200
. m dlfferent media. : ' :
- LA Surface of a sand- blaStQ unexposed mild steel coupon, after ﬁxmg and
ac1d treatment Note the rough, flakey nature of the metal surface
B. Surface coatmg in Butlin's medlum

.I:’:i‘)" ¢

C. Thin, black iron sultxde surface coatmg from Buthn s +8203

- D. Crystallme, blue surface coat on coupons from Butlm s -YE

- -
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evenly over the surf‘ce on the 3 week cou'pons\(Figure 16a b) - There was ne increase in

attachment after 6 or 12 weeks mcubauon but the 12’ week coupon appeared to have more

crystals and ox:dp than did the 3 week old coupons X-ray analys1s of some this material

on the 12 weel&oupons showed the presence of i iron, phOSphﬁrus w1th some potaSs:um

; and calcmm Oxxdes were hkely present;bﬁt oxygen is not detected by X-ray analys1s :

) Ultrasomc cleamng of‘the coupons removed the attached bactena and| corroston product

and leavmg a sh1ny, gray, umform surface w1th no. obvious corrosion. dbuekwe et aL

(1981b) also 1mp11ed that there was poor attaphment of 1solate Ps 200 in Butlm S medlum

: because they had dlfﬁeulty dtstmgutshmgz cells attached to coupons after 2 weeks whereas

they reported good attachment of thlS orgamsm in B lO medium.

] L3

: When isolate Ps.

>

;"mWas grown in Butlin' s +SZO3 copious amounts of sulﬁde yvere formed; fesulting

/

i .m the blackemn g of the medlum However, the Jorgamsms did not attach well to the
.coupon surface and formed a protect:we FeS layer on the metal which mhxbtted corrosion
' and resulted in very low cqrroston rates (Table 19) Theblack amonphous layer,
"composed mostly of iron and sulfur with some phosphorus, formed a very th;n covering -
_over the surface and the rough surface structure of the metal was still dtstmgutshable -

_ (Flgure 15c). There was less coatlng than had developed in tests wrth Butlin's medium

but there were only slightly. more bacteria attached with some clump§ and colomes of -

orgamsms vxstble (Figure 16 c,d). Ag%m there wa&t much drfference in the amount of
W

: .coatmg developed or the number of « organisms attached between the 3 week: .md 12 week

, samples. 'Iheoretrcally;_tsolate Ps 200 should have been able to’ grow anaerobtcally, :

‘ at,tached_'tothe coupons, using $503™ as an eler%tron ‘acceptor, "but again, Butlin's medium

) - oy e S N .. ‘ ‘
seemed to inhibit the attachment of this isolate.



- .

- )1gurc 16, Companso&of the amount of surface c&atmg and the attachmcnt of bacteria to
. the surface of mild steel coupons after incubation w1th A. putrefaczens isolate

"Ps200in (A, B) Butlin's medium for 3 weeks and (C, D) Butlin's +5203

" for 12 weeks
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Somcatron of the coupons removed the cells but a thin black film still coated the . -

coupons ‘After somcatron coupons from the 6 week test were covereé with patchy spots

L of bright clean metal whrch varied in size from'0.1 to 0.5 mm when: this black covenng e

had beeh removed Acrd removed this coating and the coupons were slrghtly drscoloned

: but showed no obvious corrosion or actual prttm g Obuekwe (Ph D. thesrs) also reported
the forrnatron of a thin FeS ﬁﬂn wrth bnght spots and ' prttmg after 9 weeks in .

' contrnuous culturc with 1solate Ps Z(X) grown wrth throsulfate Howevcr, he drd not N
indicate whether actual pits could be digtinguished.. | .

»

Coupons from.tests Wlth

.isolate Ps’ 200 in Butlins -YE had approxrmately the same corrosron rate as- the consol
coupons and 2 trmcs higher than rates fourld in Butlin's medrum (Table 19). -Growth in
[r‘hedrum without yeast gxtract was lesscloudy, and the oran ge ‘color of the orgamsms was .
~ less intense than when yeast extract was present but the viable counts were similarin * -
both media (Table 20) In the -YE medrum,o the coupons deveIOped an even velvety,
white coaung on the surface and a burldup of pinkish materral most lrkely organisms, on
top of the washer After ﬁxr?rg and drymg, coupons were coxtred wrth blue crystals but |
no bactéria wereseen by SEM (Figure 17a) After sonication, the crystals in the buffer
. also oxrdrzed and turned bluc Some bacterra were found in the ﬂurd but noton the

somcated coupons and many of the blue crystals remamed on the surface.- Energy

drspersrve X -ray spectrutn analysis of the crystals showed a high concentranon of iron
‘ and phosphorus (Figure 17b), so thcy were probably ferrous phosphate possrbly '

- vivianite, which forms whrte—blue monoclinic crystals (Weast 1975). Similar blue
. crystals were produced by oxrdrzrng the White precipitate whrch for:med in B10 medrum

(see Iron reduction sectron)., Iron-reducmg orgamsms are known to form vivianite in

phosphate-containing medrum (C. Panter M. Sc thcsrs, Amold ctal. 1986a) ‘Acid

| . treatment removed these crystals and revealed a convoluted ﬂakey surface srmrlar to thie

" B £ B N : - ) . - -
s v



<F.igurc' 17. Scanning electron mijcrograph (A) and c‘hcrgy dispersive X-ray §pécui1m @)
* of the crystalline, blue coating which developed on the %irfaéc of mild steel
. coupons exposed in continuous culture to A. putrefac:ens isolate Ps 200 in -

. - Butlm s -YETor 12 weeks. The crystals were composed of iron and largc

A

amounts of phosphorus.

@
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controls, w:th no obvious corroswn or changcs to the crystal structurc

- The bactcna may have assocnated more closely to the mctal surfacc, reducing .' y |
ferric oxxdf coaung present and fomnng the ferrous phosphate precipitate. Any
' orgamsms prescnt on the surface could have been occludcd by crystals The corrosion
l

rate in thls ‘media was now the same as thc\aeroblc control whxch indicates that the

organism may ﬁavc slxghty enhanced corrosion of the coupons under these condmons

Coupons cxposcd to culturcs of D. vulgarzs ALl showcd hlghcr corrosmnﬁ'ates in
thc three mcdm tcstcd, with the cxc.cpuon of AL1 Buthn s (12 wk), than were fo{md in -
the acroblc controls (Ta ablc 19). Thcrc were some dlffcrcnccs however, in the

dcvclopment of blofouhng and extent of the corrosion seen in thc dtffcrcnt x{)cdla used.

\ B

ajmbh_shmgm_g_f_c_ulmm Even though ngattcmpt was made to 1mposc :

anacroblc conditions with dcaeratlon or oxygen scavcngcrs Rure cultures of stnctly
anacrobxc sulfate-rcducmg bacteria were able to cstabhsh and grow in thc corrosaon flgsks
used inthese expcnmcnts. Counts of SRB after ]2 weeks i in conunuous culturc .rangcdf \
from 6.4 x 107 t0 7.9 X 106 cclls/ml. Howcver, growth of D. vulgaris AL1 in ‘p‘urc
“culture was highly variable in the different media, possibly due 1o varying abilities of the
different aliqfiots of inotula to poise the medium and initiate grov;th (Fedorak et al. - .
1987). R | o :
1 All of thc flasks blackened thhm thc ﬁxst day after inoculation, but after surrmg
and media flow were startecf, thc medlum clcarcd again, as if the cultures had died off.
Howcvcr blackening of the coupons and thc walls of thc ébsks ocurrcd and some
suspcndcd black particles were still seen in these culturcs Growth was rc-cstabhshcd

after 2 to 4 days and the flasks agam blackcned in two of the test conditions (i.e.



R4

' ALliButlin‘s (6 wk) and AL1 +8,03%). pnce the cultutks were established, they went

through varying cycles.of sulfide productiqn", when the flasks changed from cloudy grny

) to black. In the test system ALl-Butlin's (12 wk), this dieoff did not occur and themediu

remmned black so that the suspended coupons were not v1srble throughout the test penod
Sk

_~

In contrast, in Butlin's -YE the culture of isolate ALl requued 6 weeks to
re-establish growth and su de producnbn After the mmal penod of clearing, the
coupons developed a

lqw arﬁorphous coanng after 1 week, as in the controls.

'How&‘,ver, there was sol e blackemng of the coupons, around the.washer and under the

amorphous coating as the orgamsms appeared to colomzc the coupon. A steady buildup

of black mat};nal was noticed between the 4th and 6th weeks until the medium blackened

- -again and the coupons were no longer vrsrble This type of development of blofoulmg by

A}

SRB, m whith blackemng develops under rust, was noted in field expenments on
L

~

‘biofouling in seawater (Starkey 1986)
The longer recovery time in thrs medrum without yeast extract is not unexpected
since addmon of yeast extract to media for enumerquon of SRB increases the resulung

counts and: has led to the suggestion that components in yeast‘bxtmct are required for

A}

. growth of SRB (Pankhurst 1971 Abd-el- malek and erk 1958, 1960) Postgate (1984)

suggested that the apparent requu'emgnt for ycast egttract may be a result of its ability to
1€ redox potentlal (by cysteme) or to affect the solubility and availability of iron,

since SRB have an absolute requirement for iron for "growth.
‘ e : - o
~ t “;‘ 2

\

b. Variation N betw s‘&n replicate ﬂgsks In Butlin's medrum there were notable

’ "drfferences in appcarance between dupllcate flasks and drffertnces in the amount of

o bxofoulmg observed were reﬂected in great variation in corrosion rates. Corrosion test

COupons were expected to show an mcrease in werght loss w1th mcreased exposure trme,

* as found with the o}her tests (Table 19). However at 6 weeks, AL1- Butlm s coupons

132
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shchd a grc@r weight loss than was observed after 12 weeks incybation and a higher

corrosion rate than the control.

P '
The flask that was incubated for 12 wccks stayed black throughout the ckpdnmcnt

' Viahlc counts 'of the SRB suspended in the medium at 12 weeks were relatively high (7.9
X 106/ml‘ with many long, motile rods, found in thc turbld medium. The coupons had
dcvcloped a black, slimy fouhng, but hadTess of t.hlS coating than was found\)n coupons }
| from the 6 week test. In contrast, thﬁflask for the*ﬁ chk mcubanon period had very low
MPN counts (1 xlOO/ml) (Table 20). The medium was cleir and vcry few free ﬂoatmg
" rods were found by microscopic examination but the o coupons were heavily foulcd and
stringy and it appeared that all growth was associated with the coupons. These results ’
'cmphasm: that the number of orgams‘ms suspended in the medium is not dmcctly related
to the fumber of bacteria atfachcd,'the dovclobmcnt of biofouling or the severity of
corrosion. Variability in the growth response of isolate D vulgaris ALT in replicates

makes interpretation of this data difficult.

@

¢. Attachment and biofouling of coupons; D. vulgaris ALI1 readily attached to the
coupons in pure cultyre and developed various amounts of heavy black, slimy coating
under &f\e différent cxperiincntal conditions used. This coating dried into a black, .

amorphgus crumbl{, rough, uneven coat as shown in Figure 18.

The cracked coatmg on tho ALI1-Butlin's (12 wk) coupon 1s shown in Figure 19a. -
At higher magmﬁcanon this COatmg was :\hxck heavy mat of long ﬁllmentous and spiral
shaped rods mtcrspersed wnh amorpnous cr)istals of i 1ron sulﬁdo (Figure 19b). The
ecoating/.on COUpons from ALi-Butlin's (6 wk) was a black, pow_dér&/,dry material that _
crumb_leii more easily and showed Vny dense coloniés of bacteria among FeS clumps.
- Coupons from both the 6 and 12 week exposures had a fhick éttached fdm, butthe 6 .
week coupons had more of this coating. D. vulgaris AL1 showed very good attachment



»

k Figure 18. Comparison of the amount of surface coating on the mild“steel coupons after
gxposure for 12 weeks in continuousdlxlturc to pure culture of Desulfovibrio
vulgaris ALl in different media. ’

Scanning electron mlcrographs are of ﬁxtd and dried coupons from these
media mclﬁdc ‘

A. Butlin's medium

B. Butlin's +8203 The very hcaVy black %ulm g on coupons dncd into a

[ — /

" thick, cracked coating.
C. Butlin's -YE. Most of the attached blad\foulmg was washed off during

- rinsing. . .,
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Fxgurc 19. Scanning electron micrographs of thesurface coating attached to mild stccl\
coupons cxposcd for 12 weeks to pure culture of D. vulgaris AL1 in (A,B)
Butlin's medium and (C,D) Butlin's +S, |

the corrosion coupons, on
ilamentous, rods (B,D)

The heavy black, slimy surface coatin
further magnification, was actually mat
interspersed with amorphous iron sulfi
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| and more bioﬁlmvdeveloped in Butlin's +SéO3'= than in Butlin's medium alone' s

—

,Coupons retrxeved from thxs medmm were coveted with a very heavy;.even sltme whtch :

dried i mto a cracked coanng (Figure ,PSb) agam composed of vory long, ﬁlamentous fat”

| rods intertwined in thick mats (thure 19¢,d). In both cases in Butlrn s medtum, cells of . :
‘ ALl were very long, filamentousrods even longer than found suspended in the. culture
‘ ‘medtum '( ' ‘ . | B
o Even though the brofoulmg on the coupons develoned only in the'last 6 wecks of
the exposure in cultures of D. vulgarzs ALl -m Buthn s -YE coupons were heavrly coated '
. with a thick, black“shme ThlS material was loosely attached and easily removed by
gentle nnsmg so that less corrosxon product remamed attached ta the coupons after ﬁxmg -
_ and drymg (Flgure 18c). “The remamlng coatlng conSISted of amorphous crystals of FeS
| ‘and| ’jfewer visible oi’gamsms than were segn on coupons from the other media. (Flgure

, 20c) The medlum had some affect on ce@l morphology, as well as growth,because cells

on coupons from Butlm s -YE were smaller rods (thurc 20c) compared to the lon g .

than in B'udtltn"s'/ rnedium (Figure}'ZOa); clurnp_s of amorphous ch and some ﬁne

"extracellular matertah;an be seen between the’ cells in both cases (thfxre 20a b)
s _’ ‘3( . L . . , . i I .

LR

. gig(_)wth and at_tachmeng in mlxgg ggglmrg L | | o

The hlghest corros.lon rate found 22 7 +1.3mg dm'2 day (mdd) or 4 2 mrls per
- year (m;y), was with mlxed cultures of both A putrefaczens Ps 200 and D. vulgans ALl
_in Butlin's -YE. The corrosion results in mlxed cultures were the most vanable, .

however, with the hlghest and lowest corrosnon rate$ recorded in these expenments . I

R

o

s ,
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Flgurc 20 Companson of the cell morphology of D. vulgans AL1'in the surface coatmgy
attached to mild st2el coupons in different media. , :
Note the long filamentous rods in the biofouling from (A) Butlin's medium
and (B) Butlio's +SZO3= 'String's':of extracellular material (e) can be seen
bctwecn the cells In Butlm ) ~YE (C), only a few, short rods (r) can be

o dlsunqulshed in the material that was attached to coupons . %
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(Table 19). Growth of isolate AL1'in mixed culture with aerobic isolate Ps 200 had a. ‘ e

marked affect on the pattern of establishment. of. the cultures, development of ‘biofouli,ng‘

. and the corrosion of coupons. ' A .
P ! . Y . .

K SO - |
i : In mixed culture, high populations of both .. -

. . o o R % AN
organisms wer'e four'er\Spended in the culture liquid, with\"the exception of mixed -

v

. +S2O3 (Table 20) Growth and blackemng established qmckly and the cleanng that

was seen thh pure cultures of D. vulgans ALI after snmng was started was not R T
observed wnth rmxed cultures. These cultures produce large amounts of sulﬁde, |
" evident from the blackemng of the medlum so that the couwns were ng longet visible.

Coupons in mixed culture developed black shme as was seen in pure cultures, but were

Fig
_ qurte@rent in the degree and type of foulmgm the dtfferent media. o \
) ' n‘? o \ i | ‘ \
; Cgrrosmn rates found
. 2'1;\‘ - .
- for the mixed culture in Butlin's medium were very Iow even less than with 1solate Ps . ﬁ

~ 200 and the controls (Table 19). Even thoughv there was good growth of both organisms
in the medium, the coupons were not as heavily fouled (Figure 21a) as isolage AL1 alone

in the same medium (Figure 18a) and had much less coating than mix

21b) A closely assoclated film formed on the surface wrth small a1sed Jpatches, whlch
may be colomes of the orgamsms as seen in Flgure 22a. ngher magmﬁcauon showed S
large numbers of bactena spread umformly over the surface with mixed vrbrio shaped and

long rods and amorphous FeS clumps (thure 22b).

T Although Butlm s- YE did not suppon as heavy, cloudy growth with the rmxed

-

culture as did Butlm s medrum there were strll high counts of both orgamsms suspended

in the liquid'(Table 20) and much more material fouled the coupons. The mixed culture



F1 gure 21. Cornparison of the amount of surface cgaun g on the mxld stccl coupons after
* exposure for 12 weeks in continuous. culture to mixed culture of isolates A.
putrefaciens Ps 200 and D. vulgaris ALl in (A) Butlin's medium and B) -
“Butlin's - YE. | |
T A Coupons were not as heavxly foulcd in mixed culture in Butlin's medium.
.Note the raised patchcs in the coatmg
B. Coupons from-mixed culture -YE devclopcd the heaviest surfacc coating
in these cxpcnmcnts






- . \\ . . ( N
. ] \ .

Figure 22. Scanning. electron mxcrog}ap\s of the surface coating attached to mild steel

coupons exposed for 12 weeks to mixed culture of isolates Ps 200 and D.
vulgaris AL1 in (A, B) Butlini's medium and (C,D) Butlin's -YE. The bacteria
in the coaung were long ﬁlamentous and spiral rods, presumably D. vulgarlv
but there was no clear dlstmctlon between the cells of isolate Ps 2()() or of
ALl : ,



@




. [ N v .
. . - . .
N . . .
N - ¢ s . .
. \ ' \ . . -
N . . . . N * '
e} ‘ .

establlshed much faster in this media than the pure culture of isolate AL1, which took 6
weeks to establish growth, This was likely due to removal of 6xygen and reduction of
. the redox potenttal by growth of isolate Ps 200 The coupons began to develop

. blofoulmg by Dq,y 3 and matenal built up steadtly throughout the 12 weeks incubation
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penod so that they bccame heavrly fouled w1th black stringy 'slime’ (Fxgure 23). There

/

‘was even more attachment of btofoulmg here than thh the pure culture of isolate ALl or
mixed culture in Butlin' S. The heavy coatmg was qulte hard, and could be taken off in

| crusty patches when the waftsher was removed, and was thick, black and hard when dried
(Flgune 21b) Mats of amdrphous FeS and long ﬁlamentous rods and some tight spmls
of Desulfovibrio were seep in the SEM photographs (Flgure 22d) The difference in cell

morphology of isplate Ale in medxum with or w1thout YE were not seen {n mixed culture '

!

(Figure 24). D vulgarzs ALl grew bettef in mixed culture than in pure culture in Butlin's

" -YE, as the cells were lon ger and there was better bloﬂlm development In both cases in -
‘mixed culture, SRB occurred throughout the blofoulmg matenal and were not confined to

“the lower reachs of the biofilm. Otttr than the fact tha't the cells of AL1 sometimes
formed spirals, it is difficult to distinguish bet“‘/eeh the two organisms m order to

d_etermine their relative proportions in the biofilm. -

q

In Butlin's +SZO3 corrosion rates w1th mxxed culture were also very low (Table

19) because a protective FeS layer formed ort the coupons. The mixed culture established

quickly but changed from being initially black and turbld to clcar near the end of the 12

week experimental period. There were very low numbers of isolate Ps 200 suspended in

the culture liquid (below countable level) but relatively high numbers of SRB (Tuble 20).

There appeared to bc't/cry good attachment and the coupons were heavily fouléd as
evident from the shmy 'ﬁngers of material shown in the rmsmg beaker (Flgurc 23b).:
However, the heavy growth attached to thc coupons was a 'filmy’ grayish matenal more

like exopolymer, compared to the black FeS-rich fouling observed in the other tests. This
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Fx ;,urc 23. Comparison of the type of fouling which dcvcloped on mﬂd steel coupons
exposed to continuous culture in tests with mixed culture of isolates Ps 200
and D. vulgaris AL1 in (A) B\l\xtlm s-YE and in (B) Butlin's +55,03~

- Contrast the heavy, black, iron sulfide rich foulmg on the coupons and
» supports in (A) with the filmy, gray, exopolymet-type fouling in (B).






. Flgurc 24 Comparison of cell morphology of organisms in the surface coating on mxld
steel coupons cxposcd to mixed culture of isolates Ps 200,and D. vulgaris.
} ALl and in (A) Butlin's medium and (B) Butlin's -YE.&Tight spirals of D.
o vulgaris and long filamentous rods ;rgptcmpcrscd with a{morphous irom

sulfides and exopolymer are found isrtioth media.
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: that found w1th 1solate Ps 200 +8203 "Small areas on the coupons Wlth dried, mucord (

[ 200 +S'203‘ culture‘s.

-

o §
matenal remammg were: exarmned and only exnacellular mucus-lxke material with some

- dependent on the type: and amount of adhereqt matenal In tests where sulﬁde was

~, b‘ . i " e

‘ o
product came off very easrly~wrth nns\ng, and mos of the attacqed matenal fell off after

- ﬁxxng and drytng Coupons were covered ina thm, black layer of i iron sulﬁde, smular to.

: '

amorphous FeS~was seen In thrs case, tlie organlsms attached td the coupoons butdid

: not bu1ld upa corroswe FeS layer on the surface Instead a passivating FeS ﬁlm was

J

formed, whrch resulted in a very low corrosxon rate In this case, in mixed cuﬁm,—more .

‘than Just attachment was requrred for corrosion to occur. . " .
._r

. .
’”Q_ss*r_vam}nsﬂicgrmg_n u_ndc. r the lzlgl‘llm

The type of corrosion seen on the mlld steel coup%ns and the twelght loss was

v

°

‘ produced but where there was poor attachment of the orgamsms and closely adherent,

o passwaung irom sulfide layers were formed (1 e. Ps 200 +SZO3 and mlxed in Bu\l‘m 's),

Y .
: low corrosion mtes resulted and no corrosmn was observed On coupons from m1xed

-

. Bu.tlm.s cultures, brxght,spotst,\surrounded by a close pro(%ctrve FeS film, were seen after -

) somcatlon (Fr gure 25a). These appeared in the aseas wl:?e the. rmsed patches (thure

) 21 a) had been removed These cleaned spots had no drfference in topography msxde and

| out (Fr gure 250) After 6 weeks mcubauon the coupons surtace was so rough and the '
' lEeS ﬁlm 80 thin that these spots could not be dtstmgurshed under the SEM l)lo ptttmg or

: corrosron was evrdent after acid treatm t Sumlar spots we}e found on coupons from Ps -

Removal of some of the loos?ly adherent black product from the heavﬂy coated

coupons from Atl Butlm s (12 week) by somcatlon revealed shmy, cleaned patches of

| ,metal which looked lrke pits, surrounded by more closely adhenng areas of film. (Flgure

b ﬂ o . U Lo S
B A . . v T o ‘ CE .



Flgure 25. Appearance of ! prc p1ts -on mild steel coupons after removal of loosely

attached matenal by somcatxon Coupons were exposed for 12 weeks in
: contmuous culture to mixed culture (A) and pure culture of D, vulgans ALl -
(B) {#'Butlin's medium. With mixed culture (C), no topographical difference

between the 1n51de and outside of the patches could be seen, and no actual pits

" could be distinguished. In (B) cleaned patches of bright corroded metal,

t

0.5-2 mm, were rapidly oxidized and formcd rusty orange nngs around the

~ patches (). Other corrosion products in mounds on the coapons were

composed of black FeS and some. green crystals composed of Fe and P. No

pits could be distin guished after a01d treatment
wy ‘P

e

s






BN
"'

25b). . The patches ranged in size from 0.5 to 1in diameter and quickly oxidized..

i turning rusty orange, with a build up of product around the edges as seen in Figune 25d. -

This remtumng matenal was a combmatton of rusty oxides and amorphous black—FeS

w1th some greemsh crystals of iron phosphate Howexer, under the SEM there was no

real depress1on in the metal surface where these "pits" were located (thure 25d) When
the remammg, closely adherent coat was removed by ac1d treatment, there were also no

. v1s1ble pits or topographtcal dlfferences in the surface 'Coupons were tamxshed witha
smular patchy appearance of hght spots surrounded by darker colorihg, suggestmg that

| the patches were not an arttfact of' somc treatment but could be ' pre ptts which may have

" “developed i into actual corrosion sites w1th longer exposure

Coupons w1th larger amounts of adhering matertal such as ALl +SZO3 had
TR .

' larger chunks of hard black coatmg removed under which’ wete larger localtzed
R
patches of bnght metal, such as seen on the nght hand edge of the Butltn s (12 weﬁk)
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ecoupon (Fxgure 25b) After acid treatment, these coupons had the same tamtshed patches

.butno topographlcal dxfference between the dark angl clean areas was seen under the '
SEM Larger patches of corrosion were also found on the Butlm s (6 week) coupons

whrch had more attached matenal compared to smaller areas,. ltke ptts, on the Butlm s »

‘an ( (12 week) coupons whtch had less btofoulmg As expected the coupons with. larger

of using total werght loss deterrmnattons asa measure for pl[tlng or localwed corrosion..

f L R
of the corrosion problem e N L

Corroswn tests in Butlin's -YE with L. vulgan '""V’A_'L'I inpure and mtxed culture .

: actually showed severe corrosmn, Wthh was readtly%mble without magmﬁcauon of the

~ areas of corrosmn showed htgher weight loss (T able 19) These data reflect the problem R

I

4

Cy

>

"I'tus does not measure the corrosion rate at the s:te of corrosion or mdtcate the true extent

PRy

b

L

P

. coupons (thure 26 ,27). On coupons from ALl YE bnght meﬁtal showed around the P

washer and dunng somcatlon large patches of loosely adhereng;ﬁ#al were removed
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Fl gure 26. Appcarancc of comosxon ah the surface of mild steel coupons after 12 weeks
cxppsurc in continuous culturc to pure culture of D. vulgdrzs ALl in
Batlin' s +YE: {jﬁ}'
A. Aqu.clcancd coupons showing the corroded patchcs and localized
corrosion and plmn gin thc area around the washer where biofouling built up.
B. Note the corrosion patch with bnght corroded edge. nghcr .,
magmﬁcauon of these areas (D) shows a smoothing and angular appearance
and change 1n crystal structure compared to (C) the surface of a fresh control.

-






- Figure 27. Appearance of corrosion‘on the surface of mild steel coupons after 12 weeks r
exposure in continuous culture to mixed culture of isolates Ps 20_0 andD.
vulgaris AL1 in Butlin's - YE. |
A. Acxd cleaned coupons showed patches of tarnish and bright corroded
metal. Note the severe corrosion ardund the base of the washer.

B. The broad smooth pit at the base of the washer and
- C. The corroded surface inside the pit wuh smogthmg and crystals of metal
. now dlstmgulshablc :
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o A . sy
-showing areas of localized corrosion patches‘wid\ bright edges: Again, sdbge lumps of
" iron phosphate and iron sulfides r'cméinedon the surface. Aftet acid Cleaning, these
patches were wsxble with corndded, rough edges (Figure 26b) as. well as locahzed surface :
roughemng and plttmg corrosion, around the bottom of the washer SEM observation
~ of the corroded bright metal at the border of the patch showed-a smoothing of the metal
’surface and a more angular crystal structure than the rough surface of the control coupons
(anure 26 c d) The ifdide of some of the spots on acid cleaned coupons from .
AL1-Butlin's (6 week) also had.a similar angular appearance, which indicated that some *

~= corrosion had occurred even in that\test. E . ’ \

~ The most severe CoIrosion a_nda higher corrosion rate was found on the most |
. heavil} coated caupons from mixed culture -YE. The hard crusty coating was removed in '
large pieces to reveal large bare patches of shiny corroded rnctal and sections of closely
adhering black 'coatin-‘g' still visib_le on the acid cleaned coupons (Figore 27a). Extensive
h corrosion was seen near the edge;of' the washer, where the dgposits of bacteria and FeS
"~ had built up. Examination' of the inside of the broad smooth pit’ (Figure 27 b,c),
showed extcnswe coxrosxon and smoothmg of the surface and changes in the crystal
structure wherc the metal grams are dlstmgulshable Gaylarde and Johnson (1986) and
" _ Ma;a and lehams (19172) described similar surface changes and intergranular corrosion

-;en coupons exposed to SRB. Crevice corrosion near and nnder washers, under bacterlal
deposits, has been described by Tatnall (1986) and Kobrin (1986), which was manifest
‘asa 'gouging' type of conosion’, similar to the corrosion seen here."

_ _ o 3& .

Fa

f
: The corrosmn rates %’t@

B calculated from the WCIght loss meaSurements were j thc range neported by labowory

" studnes w1th purc cultures of SRB (King et al, 19 ), but the rates at the areas @f severe. .
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local?d corrosion would be much htghcr than thc ovcrall rate. Cotrosmn rates betwccn :

1.0 and 4.9 mpy are considered moderate under field condmons (NACE 1975b).

‘The obse, I 10;: of corgosmn by pure and mtxcd culturcs of D vulgaris AL1 arc
the cxpccted c6rrosxon rcsults with SRB In these experiments,
attachment colonization and sulﬁdc production and a bulld up of Fes film at the surfacc
of the coupons seems to be. rcqulred for high corrosion ratcs Thc typical thick, slimy

. black fouling which devdloped on the cormsxon coupons actually was composed of mats

' P i : . L
of organisms interspersed with lmorphous FeS. Gaylardc\and Johnson (1986) showed

fouling laycrs consxstmg of bacteria, and ng etal. (1973) menfroned that the black shme
-had many active bacteria assoclated wnh it. As obscrvcd by Hardy and Brown (1984)

and Mara and Williams (1972), the most mtcnsc, localized corrosnon undcr the bxogcmc
sulfilde ﬁlms occurred under looscly adhcrent areas of thc film. Such matcnal was casdy
removed by sonication, rcveahng areas of shlny, corroding metal surrounded by ughtly
bound morc protective material. Cleancd areas varied in number and size from 1 mm .
spots on coupons whlch had only thin ﬁlms to largcr localized areas of corros1on on
coupons wuh larger amounts of adhcremg material. Furthcr expenmcnts should be
carried out for longer time periods to see if the pre-pits' under nonadherent film develop
into pits, so: that pxtnng measurements could be ‘made. |

The general trend in thcse expcnment thh D. vulgaris AL1 in pure 4nd mixed

.. culture was that the more attachment and corrosion product on the coupons, the greater

the corrosion rate. A summary of the approximate amount of attached material, the

“weight loss due to corrosion of the coupons and a brief description of the corrosion

“product and biofilm is given in Appendix H. The most heavily fouled co’upons (i.g. ALl

+5,03™ and mixed - YE) showed‘”thc greatest t}vcight gain as well as higher corrosion .

rates. Observation of increase in‘corrosion with increase in biofilm are consistent with the

various mechanisms proposed for corrosion by SRB. The organisms attach to and
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- colonize the eurface, producing Sulﬁde and formipg a matrix of organisms and FeS whicfx
enhances the corrosion of the metal. With thin fouling layers or little attachment,
. protective FeS layers formed resultirig in the passivation of the metal. Even with
parnculate FeS suspended in the medium, littlé COITOSlOl'l was seen because it must be in

contact with the metal surface. With thicker foulmg layers, the FeS cathode in close

‘Lproxnmny to metal surface and the larger FeS cathode provides an increased area for the

cathodic reaction (area effect for galvamc corrosmn) and mcreased hydrogen absorpnon
With an increase in biofilm tluckness there could be an increase in sulfide production .
‘(Neilson 1987), the generation of fresh FeS and an increase in the number, and possibly -

metabolic activity, of the organisms for'hydrogenase activityto regenerate the cathode

. (King and Wakerly 1973). Bactenal action within the film affects the nature and

distribution of the film on the surface (Mara and Wﬂhams 1972) Sulfide generated from

within the biofilm affects the crystal structure of the i _1ron sulﬁde, causing the breakdown

. . . 'y . :
; _‘of the protective films and thus the differentiation into corrosive and adherent sections.

Herbert dnd Stott (1983) suggested that the biofilm enhanced the contact between the
anode and cathode areas within the film. Clearly, corrosion by SRB and biogenic iron

sulfides must be considered in tennsof the'complexit\'y of the biofilm.

highest corosion rate (22.7 +1.3 mdd or 4.2 mpy) was fourid with mixed culture in -

LY

Butlin's medium without yeast extract. D.'vulgari’s AL1 alone also had a high corrosion

rate (18.6 1.1 mdd or 3.4 mpy) in -YE medium and significant localized corrosion was

observed on the coupons only with these tests. Itis difficult to compare the two systems,

‘ however because of dnfferences in culture development, which would have affected the -

corrosion condifions. Wxth mixed culture, blofoulmg developed on the coupons

1mm_ed1ately after moculauon and condmons were likely anaerobic throughout the tesis.

Kol
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' Ho;vevcr, in the test with pure culture of AL1 incubated for 12 weceks, aerobic corrosion,
as injthc controls, existed for the ﬁrst 6 weeks, as the SRB slowly built up fouling.
Diffcxpntial aeratioﬁ cffects may have been active between the areas under the deposits of
" bacteria and FeS which built up around the washer and in ﬂ}e patches, which couldai '
explain the severe corrosion in these areas. Acrafcd conditions with a't‘;ogenuic sulfide
.,ﬁlm are very corrosive conditions (Hardy and Brown 1984). Anaerobic ¢ - S nA
conditions would have become active in the last 6 weeks, when the coupor:':/gz)e fouled -
and the cultures-had grown and ‘producéd sulfide. More replicates and timc'poims would
h:wc to be determined to evaluate the differences in the mechanisms of corrosion.
Experiments into the cffct;ts of aeration on corrosion could be donc once the biofilm had
ﬁdevlcloped on the cbupons. Additional testing must be done to d::tcrmine the relative

corrosion ability of D. vulgaris AL in pure and mixed cultures,

gjftcg[s_gﬁmﬂmgu_gmﬂgh_and_amm There were subsiantial differcnccs
. in corrosion rates and the ability of the isolates to colonize the coupons in the different
tests and medi_a uScd in these experiments. Mixed culture studies gave the most yaﬁed
'.resul't's. In Butlin's -YE, both organisms grew readily in the medium and attached ta the
coupons, pmduqing an éxtensive FcS’-rich film which resulted in intense pitting and the
“highest corrosion rates of the 'expcrimeht. From thé limited cmrési’on c?cpcrimcms |
"cond\jcted in this study, it appears that anachﬁlént and corrosion were enhanced in the
. mediu;n wimout:yeast extract. | |
Lo.wer corrosion rates were found in Butlin's medium with yeast extract, which

‘was apparcntly rclz\tcd to poorer attachment of thc orgamsms and formauon of a protective

FeS ﬁlm even thmfﬁh both 1solms }rew well suspcnded in the medmm and produced
é}% g
' H,S. “The pure culture of 1solate Ps 200 grew well suspended in the Butlin's medium but “

there was lmlc attachmcnt to thc coupons. The effect of ycast extract was not as dramanc
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with pure culture of AL1 as considerable biofouling and corrosion was observed in the |

=

* Butlin's-6 week test and in Butlin's with both yeast extract and thiosulfate. However,
with Butlin's-12 week test, there was good growth suspended in the medium but less
colonization of the coupons and less corrosion was found. In. all these cases, the activity

. and number of organisms on the coupons was mdcpcndcnt of thc counts and growth in~

the mcdmm \\ ' .

The mhlbmon of corrosion found with yeast extract seems to be associated with
poorer attachment of the organistis to the coupons. 'Gaylardc and Johnson (1986)
reported large vatiations in concsion rates in mixed and pure culture cxperiments in
Postgate B medium, which contains yca;t extract. Could the low corrosion rates they - S
reported in triple mixed cultures of D. vulgaris, V. anguilarum and a Citrobacter sp. have
n related to differences in the ability to attach?
" Further corrosion experiments should be carried out in medium without yeast
+ exfract or in actual produced water. Investigation into the nutﬁgional conditions which

~\im:,l;gasc the attachment and corrosion ability of SRB, isolate Ps 200, and mxxcd cultures
should be studied to evaluate if increased attachment wz;s the reason why medium -YE
results in higher corrosion rates. It will be irqpbrtant to define y ?utric,ot l_imitétions
present in the oil field environment, and determine the minimum n:quin:mcnts} for growth
and activity of A. putrefaciens strains and SRB. What effect do various nutrient
limitations such as iron, ‘phOphorouS or nitrogen have on. the characteristics important to
corrosion such as exopolysacchande production, attachment ability or reducuvc activities
(Brown and Wllha\ms\ 1985; MR. W Brown, personal communication)? Factors suchr as
carbon and nitrogien lmutanon, growt)h phase and varying carbons sources have been
found to mod:fy bactcnal attachmcnt and activity at surfaces (Btown et al 1977; Wardell
-et-ill?'l983; Suthcrland 1983; Fletcher 1977, 1985). The effects of growth rate as well as
notrien_t limitation;on-i attachment could be tested using a chemostat with thcovcrﬂow toa -

/ »

¢/
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flow-through Robbins device (McCoy ctal, 1981) :
. - >
6 . » t ‘ .

dm;mmﬂumctammmmm Cormsnon by xsolatc Ps 200 undcr

iron-reducing and sulﬁdc-gencraung condmons in thege experiments was inconclusive: -
because the organisms showed poor attachmcnt to the coupons. The corrosion tests with

o A . . . . .
this isolate prB'th s medium were set up to dgermine the effects of iron reduction in
. ’

corrosion but the effects of removal of passive film were not clearly demonstrated in these

experiments. Attachment to the surface and direct contact with the Fe,03 would still be

required for iron. reductiorﬂta occur. If thc passive film was removed from thc"coupons
it appeared that Iron: raducpon alonc was not a major mcchamsm f&r anaerobic corrosion

-under tl}@ noncorroswe, ;maerobw‘bondmons created by growth of the organisms. The
; , 5
;ffects of passwe ﬁlm,removal and the role of iron reduction i in corrosion could be tested

by fbllowmg tfie rg:méval of passive ﬁlm after oxidation of. thc coupons had occurred,

" such as in the contrQl aftcr anCulatlon w1th isolate Ps 200% U’ndcr altcmatmg aerobxc and

Loty

anaeroblc‘ condftions as pqsswc irpn oxide ﬁlms were a]tcrnatcly fonned and removed,

the acnon of P§ 200 was ’fhorc élcarly cvndent (C. 0 ‘Obuekwe, Ph.D. thcsxs) The role 0

¥

thxs 1sofate m»corrosmn could also be.tcswd usmg acnvcly aerated condmons and

oomgamd to an szrated contml Conoslon %uid hkcly be cnhanced by A. putrefaciens

strains if thcy formed an uneven biofilm on thc coupons and causcd dxffcrcnual rcmoval

of the passwe:ﬁlm (dcpassxvaggn) llnder the deposits whwh creates differential

concentrauon éclls, especxally under acratcd conditions (Hamilton and Machll 1986)
The rclanvc 1mportan<:c of iron reduction and sulfide rcductlon in the corrosion

activity of 1solatt_:‘,'P‘s 200 could not be evaluated in these experiments. . Experiments ooald ‘

: - ‘

’ beset up to test’ fér the passive film removal under sulfide gcncrating‘conditions (i.e.

’okidizcd conitrol + Ps 200 +87037) but it will still be difficult 1o determine whether iron .

-
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‘ reductxon mechamsms are acuve undcr sulﬁd\:—generatmg condmons or in mixed culture
e sxtuauons with SRB smce both actwmes result in dxsrupuon of the feﬂé pxide passwe _
B '; ﬁlma (C O Obuekwe, Eh D. thesrsJ deella 1986) L ? SR !
_ : Generauon of sulfide by 1solate Ps 200 in pure culture created a protectxve FeS - -
B ffilm probably asa result of poor attachment. "Lotv. corrosion rates (0 25 mpy) were also
| seen under sulfide geﬁeratmg condmons by Obuekwe (PhD thesis), but soine pxttmg v -
K was ev1dent Slhular low. comsmn rates were n;ported by Gaylarde and Johnson (1986)

. ""7 | w1th Cn‘robacter sp whlch produced sulﬁde due to putrefactJon anda protecnve FeS ﬁlm,

productxon’ combmed with bactena] attachment and extens;ve féulmg of the coupons to -
form an unprotecﬂve 1ron sulfide layer, is needed to enhance corros1on‘ S
Further mVCStl gatfonfmto corrOSlon by Ps 200 and related isolates under sulﬁde

generaung ccmdrtxons should be carned out under condmons whlch support attachment,

- . ‘ \' type of sulfide ﬁlm and bro oullng produced by Sulﬁte-reduc1ng bactena (eg A - K _‘ .
o putrefaaens strams) and SRB would be mterestmg to evaluate the relatwe affect of the e
acnvrty of the orgams;hs vsFeS fonnanon on corrosion. A. putrefaczens strains should
v -,_ , belalso be tested for the presence of hydrogenase enzymes’bétore companson can be _
| "“ made to the SRB The factors affectmg the formaq\on and d1f£erent1atxon ofsulﬁde ﬁlms T

/ -
. c( 1d be further mvesugated w1th SRB A putrefaczens stmns and xmxed cultures
Lo . - . <--.~ i ,- _o;’. v ) Q-; - o - L

g vV_'vl"" i e Crystals of iron phosphate formed P

) £ on.coupons mcub%edavxth nsolate {’s 200 m Buthn s -YE ‘Iron phosphares were also .
E found m the corrosrdn produqts tn\he eoupons m pure cultures of D vulgans ALl A L

smular crystals wene also vtgble on coupons mcubated w1th rsola'l!e Ps 200 in.

B S

[ Do R
e R N v f . . Qﬁ\‘ : , -
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‘Butlin's medium in these tests and bSl (5buelé‘we‘ et al. (1981b). Other resemc11ers oft‘en
- have found iron phosphate in the corposro??wtuas from corrosion sites in the field:

, Booth et al. 1962 Worthrngham et al 1986) and in the lab (Iverson 1981 Pankhama et.
: al\l}86b) Another com% corrosron ptoduct, iron carbonate (s1der1te) (Worthmgham
etal. 1986), is also produced durmg growth of iron- reducmg cultures in low phosphate

.' medra (C Panter, M.Sc. thesrs)

¥ i

Iverson and Olson (1983 Iverson et al. 1986) have used the observanon of 5 ,,'
vtvramte formatron du;mg corrosron as partial support for a corrosron mechamsm ‘V I‘i
mvolvmg a corrosrve phosphorus compound However 1t appears that iron phosphates
form readrly m phosphatc—contammg medium whea fcrrous ions are produced both - V
durmg,lron redp\:twn and cdrrosron I:he phosphorus metabohsm of A. putrefaczens o
‘..strams could be studled to see if there isa precedent for phosphate reduchon by these N

: : orgamsms, as has been suggested for Desulfowbrto (Iverson et al. 1986) Do these

L bactena,have an active or passwe role in the formauon of 1ron phosphates'? Vmamte

- -formatt n could‘ be tested in mcdxa wrth lowerConce{ttmtrons of phosphate or in e v

0":,.)- B L

o pr Sed water to see af it forrnnnliaf'ﬁerd qencwmatth 1solat9 Ps 2009"ﬂus would

L1 These expenments / '

S _hrghhght the problem of gettmg reprodhcrble re§“ults with pure cultures of SRB under

Y

“ exp‘enmental condmons where the ?edta are not porsed and anaerobxosrs is not 1mposed

s wire also noted Edorak etal. (1987) when determm‘r?rg thc MPMof 3__

smg unsealed tubes Intercstlngly, the SRB estabhshed growth

.
1}
¥ 3

and causedc % ion in'p;mee ] even wrthoutanaerobrc condmons bemg rmposed at :

the nme of moculatton Growth of anaerobe D. vulgarzs ALl in pure culture was' hrghli 4



o also prowde an anaerowontrol “for the corrosronk tests

i L t

vanable, with large variation between tests thh pure culture even in the same medlum ‘

Highly vanable werght loss results wete also mported in low iron medid by ng etal.

| (l%) and by Gaylarde and Johnson (1986). This i is not unexpected consrdermg the

type ot‘ corrosron attack which depends on the number of sites developed for localized or
prtung corrosmn In atyituon, cultures in non-rdeal nutnent limited media (-YE), whlch |

" are more hke envrronmghtal condmons, take a long time to establrsh Such condruons are
| perhaps more representatrve of the 'real world' but are hard to reproduce expenmentally
e Sulfate-reducmg bacterla show varytng oxygen tolerance (Cypronka et al. 1985) and are

| very persrstent, whlch explams why they survive and estabhsh in anaerobtc ntches even if

4

v .

the‘%urroundmgs are,aerobtc. .

* ' ' T J‘

g Integacugn in mixed cu t m, Growth in mtxed culture wgh isolate Ps 200

affected the ability of the SRB to grow suspended in the medlum especially in medmm

oo -YE, and greatly affected the tendency for the organisms to attachment to the coupons. !M

Although the hlghest corrosion rates were seen with nuxed culture, it couldmot be

., detemuned whether 1solate Ps 200 helped mcreaSe corrosron by srmply reducmg the :
| _envuoﬁent or by taktng an actrve part possrbly by i mcreasmg Sulﬁde produetmn o
g through synerglstlc acuvv the SRB Corrosron tests: could be done in mlxed culture

’ with other aerobrc non- c’orrodmg bacterla found in the oil field, to test whether {mrlar

effects on attachment and corrosron are seen Tests w1th other aerobrc orgamsms could

~

| v | The nature of the 1nteract10n between SRB and sulﬁde g’eneratmg Ar putrey’aczens
»‘ stralhs could be studred usrng radroresprromeuy techmques, such as those developed by
' Rosser and Harmlton (1983) whrch measure the tunover of 35S-[ablled sulfate sbhis
o could detenmne the drfferences in metabohc acuvny, uulrzatlon of vanous carbon??}ources S

- and sulﬁde-genexatmg actwrty between mixed and pure cultures Momtormg the sulﬁde

*
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pro’ductlon ot carbon utilization of the organisms attached to coupons couldhelp
detenmne changes in surface activity whnch affect corrosxon and mvesngate 1nteractxons .‘
w1tlnn the biofilm (Hamllton 1985). 'I‘lus could also determme if the mcreased fouhng A

' correlﬁ:s with increased actmty in m1xed culture or mcreased sulfide producnon. '\z .

‘although thls is not always the case in natural sltuatlons (Sanders and Maxwell 1983)

; lefemngmgn gf Qrgamsms, D vulgarzs ALl attaches well on its' own and in
: rmxed culture but obsewatrou m the SEM could not readlly dtfferenuate between thc two .
orgamsms whlch both form long, ﬁlamentous rods. The bl:ick slimy corrosion ﬁlms E
- were pﬁ:ﬁtanly bactena 1nterspersed wrth FeS and S'RB were not only in the lower reaches '

but throughout Methods to dlfferenn?t&and locallze uon-reducxng Ps 200 ina bloﬁlm

-%uch as‘cell surface ﬂuorescent antl bolih g :

the recent copr6 siomwork has invo egl the development of dragnostlc tests for the

detectlon of corroston bacteria- (Pope 1986) Another means of 1dent1fy1ng orgamsms in - &’g

rmcroblal commumtres isto look for ' srgnature compounds (Whlte 1983 thtc etal. Q

—

- 1979). Some work has been done on deternnmng the fatty acid and phosphohpld proﬁles

‘ number of strams of A. putrefaczens (Wilkinson and Cauldwell 1980) and
1solates, 1nclud1ng Ps 200 have been submttted for analy51s to Dr D. C thte for

rd

| evaluatlon Results should be useful for companson L] prevrous work and to determme 1f ¥ 3
‘d . [
.. there are any unique compounds useful %)t 1denuﬁcanon of these bactena in the

?

environment

Observaﬁd of the pitting and matenal attached inan actual ptpelme and companson .
. toth® black §hme that developed on the oorrosnon coupons in the lab would mdxcate :
‘ >
thether extenswe bactenal bloﬁlms

orl field s1tuauons Chemtcal (i.e. protcm

"
P -
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FcS typc and concemrauon) and cell number analys‘ls of the blofouhng attached to .
coupons could be done to ﬁnd the proportmn of cclls to FeS and compare that to rcsults
of field analysis, such as detcrmmed by Sandcrs and Harmlton (1986). Itis 1mportant to
. determine if the coxroswn observed and mtes measured in the lab expcnmcnts can be

| related to actual corrosion in the field. v, ' \
» - \

L.Summam The results of these laboratory cormsxbn expenments showed that |
' thc greatest éorrosron q&nuld stccl was found with mixed Cult d in nutncnt-hmxted
medlum, both condmons which would be found in the 011 ﬁcld s1tuat10n Growth in,
c‘ﬁof twqcommonly-occurrmg oﬂ ﬁeld bacteria, A putrefaczens and D.

vulgarzs, sélted in bette at;achmeng;nd éomosmn than pure cultures in medrum w1thout

rmxcd

~ 'yeast extract In all mcdla tested, both attaqxnent and sulﬁdc producuon were rcqunred ” &
 for hxgh corrosmn rates. Although thesc corrgﬂﬁn rates calculat%Werqlowcr than
' reported for field observauons, thc se\&;}e localized corrosx‘ogn such.as that observed on e

. B
© test Coupons, could eventually rcs’ult in corrosion. fallure ina plpclme e 5

——
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_ the lltcraturc “ca

- _ ,(’ we;e xsblatcd and dxffcrcntratcd basod in ﬁart on salt tolcrancc thc abnhty to grow

‘ N . . “ 'v *": S . .
V CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH
, " . . o ’ x .

Iron rcducmg, sulﬁ;lc-gcneratmg Alteromonas putrefac:ens have becn readily

‘ isolated from salmc produccd water from oil fields in Alberta. Thcy are an important’

»
component of the mixed nucroblal oommu*y associated with thc oil ﬁcld environment

" and have been implicated in the corrosroﬁ of oil prpelmcs These bactena are wxdely

distributed and comprised a substanual ponmn of the aerobic rmcrobral ned la i

_ from five drffercnt 011 fields ﬁd have the charactcnsncs of A putr R

‘at4°C, and G+C content. An addmonal drffcrenual charactcnsuc was proposcd for .

-

isolates in Groups 2 and 3, based on the ablhty of 1solates tmthnosulfato but not
23

sulfite. Only a limited number of these strains were avarlablg‘for compar,xson $0 more -

1solates which rcducq__n]af throsulﬁte should be tfs‘;od tq conﬂrm thrs ob;crvauon

The subclustcrs o@ A. putrefaczens strams have smular charactenldbs and all couid -

potennally cbnugu %o,porrosroj’ in the ﬁcld Drffcremxanon of groups isof i interest,
.

“however, in detenmmng not only how such drffercnccs might affcct their dlsmbuu,on but
’ also thexr acuvrt)’qn thc cnvu‘onmcq‘t wrth'rcspect to attachmcnt iron reduction, sulﬁdc

. generauon 19teracuon wrth SRﬁ and Q@régnosron Groups of A putrefaczens were,
: /

dxffcrennated based 6n salt ;olerance and vanous stmms should be testcd for a Na*

requrrcmcm for grthh m'o rglly dcﬁncd mcdlum Stcnberg et al ( 1984) found that ‘
sod was rcquwcd for : amino acrd transpon during TMAO&'educnon usmg somc ammo .

‘acids. Such a sodlum rcquu'ement stuld also be tested for iron and sulﬁtc rcducuon o



e

. 1980) ‘and oompanswn of the S5sTRNA sequences

_ tron-reductng bactena such as Cold Lake (which uses s

e recovery ot h heavy otl), strould be surveyed to test the

. o .
v : . W
. N ‘
\ . e :
L | . Iy . .

» .
A Lo .\‘ . . e . . (

\useful for 1denufymg and locahzrng A. putrefaclens strains within biofilms or m tmcrolital

» corrosron sites 1n the ﬁeld. Such probes could be used to deterrmne the cross reacuvuy

A

between the four gmups and determme therr relatedness to.other orgamsms such as -

Pseudomonas and Alteromonas stmns Further work on the drfferenttatron of these

bacteria could mclude a determmatlon of fatty acrd goﬁles (Wllkmson and Caudwell

e four groups to help determme ‘

thetr relattonshlps to tpc Alteromon(zs genus artd thc placement in a separate genus as

mteresttng exarnple of the developments m bacterial taxonomy & "% A
N ;Lologrcal differences between these 1solatcs make very adaptable t to the oil
field environment, as some grow at low temperatures and others"’could tglcrate a hlghly
saline oil ﬁeld envrronment. 'lhere was a slight d(ference in the dlstnbutron of salt . v
8 »

. ,tolerantstrams, perhaps due to the selective conditions of hrgh salinity. Idcntrﬁcaﬁon of

these as strams of the genusAlteromonas, which is predorﬂtnantly from th&marm
k4

envrronment is of mtetest What are the ongms of these orgamsms in the oil field fluids?
lAre they nau:"e to the formatxon or mtmduced throu gh productton act1v1ty‘7 They.arc '

o prevalent in‘the lower sallmty samplej and i in flulds from ﬁelds usrng waterﬂoodmg ”

R
techniques for oil recovery These actlvmes could be 1ntnoducrng the orgamsms or ma’yv

' be diluting “the saltmty of the ground water and mcreasmg the nytrient load (i.¢ sulfate),
5 whnch could promote the gtowth of the orgamsms (Mos%s an Spn’ngham 1982; King

and Stott 1983) Further samphng is needed to test the dtstrt 4 tlon of bacteria in vartous

N Fluorescent anttbody probes (Zambon et al. 1984, Pope 1‘186) or genetic prObes cq;;\ld be

‘,propOsed by MacDonnell and Colwell (1985). Characterlzatlon of this orgamsm is a,n .

A
N

sourees of mjecuon water, such as lake water, and in water i Jectton systems to deterrm&e '

thetr source in the 011 ﬁeld systems. Producmg oil ﬁelds at showed hlgh levels of )

Y istribution of these organésms

o throughout the system Based on the heavy load of bactena and hrgh wﬁr content in the

' mjectmn techmqucs for the v

‘ 171,
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heavy 011 hxgh c@mon rates coufdﬁ:predxcted for this system. It wouldbe mterestmg .

1o mvesugate this hield for potenual rmcrobial .COITOSion problems, and also correlate thear

V.

. pre,sencc and activity w1th actual corrosxoh damage. Do these bacte‘?l‘h M\pihg A, o

: 1solates tested reduced fernc iron at about the same faté per uﬁlt p;otcm ma

‘puxrzfactens and SRB, oéE\u' in actual oox?r0s10n sites in a pipeline? - . R

Stralns ofA putrefac:ens important envuonmental isolates as they are acuve in

LA ‘7whereas.;ron reductron and sulfide generaubn have been lmphcated in COTI'OSIO,!} All

| fiubleﬁ@‘n! s

1ron assay and- representauve stams reduced msolwe Fe203, but at lower rates. -

a

| Consequcntly, all 1solatcs should be able to enhance corrosion by solubilizing femc oxnde

. passive film

[ I

- “

. L4

"actmty of otl‘lron-reducmg bactena found in the oil field could be tested especxally

. those that do not produce sulfide, to compare the relatJve importance of both mechanlsms

SpCCICS had 1‘ previously been rcponed to reduce ferric iron and this .

ablhty has not been s g ‘ .D. thesis) and Amold et al. (1986a
1986b). The presence and possible role of the orgamsms in other envrronments where -
‘iron and sulfur cycling are takxng place such as marine scdlments and soils, should be
mvest1gated The level of uon-redu&ng activity, and the nature of the iron reducuon
enzquSystems of A: putrefaczens, should be compared to other uon-reducers isolated
such as the coryneforms Enterobactenaceae clostndla and Bacillus spp The rates of*

iron reducuon on msoluble ox1des also. should be compared undler smnlar condmons«o

conﬁrm-than putrefaczens strams have high 1ron-reducmg activity. The corrosmn .

’ llg (!61'1'0510“

¥,
A putrefac:ens has been prevnously charac;enzed by iﬂ; ablhty to produce sulfide

from throsulfate in complex medxa. They in fact were found to have an actxve sulfite Co
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" location of the inverse i )

VA o o o113
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reductase system, based on their abllrty to grow anaerobrcally on sulﬁte, producmg
sulﬁde, and based on the inverse 1sotope fractionation pattern produced Further
enzymatic characterization of sulfite reductase and comparison to that produced by

sulﬁte-;redpcmg clostndla and SRB would confirm the nature of the dlssumlatory

. _reducnon pathway in this organism. The drfferences jn enzyme systems in the d'gamsm*
' that only reduce thigs could bgdetermmed This organism would be a good

candidate to study t eq;ar&ms ‘fbr the mverse isotope effect, because itis stnctly

oxidative and wrll “not gm g g ,erobxcally w1thout an electnon acceptor such as sulﬁte

o e e nt -’.;‘;'. g i
OP%'WMUC}J n ’f. e%hed Slﬂﬁde b}’ ?Clng able to accurately predict the

el ' . . )

ﬂ‘maxlma could be a valuble method to produce hlgh ) 348

labe} whrch could be qsa‘{ gnculture and research (DxtH R Krouse, Umversrty of
R 4 .
Calgary, personal cot'nm ation).

L& R |

The conthtrons for‘mducuon of and the interaction between the various reductase
systems shbgﬂsbe smdipd to determme whxch systems are actlve under whae COndmons

ejermme the conditdons under Wthh sulfite reductase and/or iron

. - ‘ 3 "‘.. %0
reductase%vm*@ w&wmsmn srtuanon or.in the enwronment Thc

- characteristics of the Vanous redugtase systems  have been studxed mdependently bya

T
serres of workers before the combgtaggﬁcf electron acceptors whxch these orgamsms can :

use was kﬁwn Nm‘a{e and {I'MAg/reductgses are inducible when the substratc is « -
present and under mrcroae{‘ophlhc condmons,(Eastcr‘ etal 1983) and a second 3

anaerobtcally-mducedfﬁ"dn reductase system was descnbcd by ‘Amold et al’ (1986a) The

KN
. . iron reductase System charactenzed by Obuekwe et a] (1982a) was found t’o be

constltuuve in {m -oontammg medxa. The mhtbxtory effects of mtrate on iron reductién

‘ . (Obuekwe etals 1981d 1982b) and TMAO l’CdllCthﬂ (Easter et al. 1983) have been

studied separately. Further investi ganocs are necessary to ' determine the substrates used

by each reductase system and whether TMAO or nitrate reductase have some irori

Mh—v—zﬁ" v

reducnon activity. The mductlon mteracuon and charactensncs of the two tron reductase :

el
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systems should be further investigated, as well as the effects on the iron reductase assay.

The varioug reductase sf;stems could be characterized and compared to those found in
other strains of bacteria. |

A. putrefaczenais“ an imporant oil field bacterium to study because it can enhance :
corros1on& its qwn (C 0. Obuel:u}e, Ph. E"Qegs) and greatly affects the

corroston-abrhuesof SRB. The “grrosion-enhancing ablhty of isolate Ps 200 ¥ips ot

174

clearly demonstrated in the expenments described in this thesis. They dld not attach well

to the coupons under i irony _ ucmg or sulﬁde-generatmg conditions and growth of the B

bacteria resulted in non-corrosive anaerdbic conditions. More work should be done to
deﬁne the condxtmns which demonstrate corrosion by islolate Ps 200 such as alternating
-aerobic and anaerobic cycles (C 0. Obuekwe, Ph.D. thesrs), aerated condmons or
removal of passwe film from a corroged surface. Such conditions could be found in
water handlmg systems, or in tanks where the water level fluctuates. _ ’
. Growth and attachment of 1solate Ps 200 were affected by the composmon of the
edlum and further investigations should be done to deﬁne the condmons that promotc

attachment to metal surfaces. The changes incell surface that occur during growth and in-

various media could have an effect on attachment and should be mvesugated Technxques

, could nvolve usmg cell surface hydrophoblcxty measurernents (Rosenberg et al. gSO

Rosenberg 1981), deterrmnanon of contact angles as well as measurements of attachment
to various surfaces (Dexter et al. 1975 Brown ct al. lg77 Pnngle and Fletcher 1983).

- The production of glycocalyx by a related organism, P. atlantica, has been studied by
Uhhnger and White (1983) and the effecl of this exopolymer on corrosw‘n have been
investigated (vaens et al. 1986) The factors which affect exopolysacchande production
by A. putrefacwns strains should also be studied as well as the abthty of the exopolymers
“to concentrate metal ions (i.e. Fe3+ CI and Mn3"’) (Mltteln’ian and Geesey 1986) ‘The
range of metals reduced (i.e. Cr, Cu, Nl Pb Sn and Mo) (Jones.ct al. 19845) by A.

utrefac:en‘.strmns, in addition to iron and manganese (Obuekwe et al. 1982b), should be

B

Ed

L
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tested. ThlS orgamsm could possxbly disrupt the passive Tilms a.nd enhance corrosxon of 4
other mdustnal metals. Attachment to and corrosion of other metais and alloys such as
stainless steels, copper. alummum. mckel or titanium cotild be'tested in the future.
Attachment, biofilm formation and the build up of iron sulfides on the surface of
the metal coupons was required for m%sxon to occur in pure cultyre Desulfovibrio
vulgarzs and mjxed culture with A. putrefaczens The co%smn rate and amount of
corrosxon appeared to increase with an mcreased amount of fouling on the coupons, ) | ‘
o consnstent w1th the various mechamsms of corrosion proposed for SRB. Corros1on
f’ : . occurred in loca@ed areas undcr loosely agerent , non-protective sectlons of the biofilm,
as notcd by Hardy and Brown (1984) and Mara and Williams (1972) The heavy black,

q‘g,i o L4
shm.y corrosron film whnch coated the mild steel corrosion toupons was a complex _

> mixture of heavy maﬁts‘of bacteria mterspersed w1th FeS. Clearly, any mvesuin into

the mechamsms of btologtcal”corroswp must consrder the complex activity ilm

; where many processes are actlve The micsgorganisths aff%the formatlon distribution,

dlfferentxauon and corrosion activity of the film.' The recommended practice for effective

- . , . o @“,g
- control of microbial corrosion problems is prevention of a buildup of biofouling on the
: 4
_ ~metal surface by regular scraping, pigging of pipelines and preventing stagnant areas in
‘,
t.tc system (NACE 1975a) .o , : 4

In comsxo[ ts in mixed culture, isolate Ps 200 greatly mﬂuenced the attachment

Y

~of D. vulgans ALl to the coupons m different medla used and thus the corrosion rate and

»

the extent of corros1on that was. obscrved. In the media thh ‘yeast extract, poor
attachmgent and low t:orrosmn rates were seen whereas the greatest amount of attachment ya
‘ and corrosion was found i in rmxed cultunc in medium w1thout yeast extract. In these

‘ : ”'

comosxon tests, the high bacterial counts and good gnowth of both orgamsms in the
medium could not be used to predicted the actugty and number of orgamsms on the
surface of the coupons The corrosxon test results demonstrate a problem found in oil

‘
field samplmg, htgh numbers of planktomc organ&ms do not always correlate with high



_ /. L 176
numbers of attuched bacteria and in contrast, there could be lots of attachment while the )
numbers of bacteria suspunded are very low. The nutrient conditions and compdsitio'n' of

' the bulk fluid greatly affected attachment of organisms to the coupons. Investigation into
the nutrient conditions in oil ﬁclds and dcfimng the conditions which pnomote attachmcnt
of both A. pufrqfaqzens and SRB will be i important to be able to pmdxct when they are

- most active. . ‘ : ,1

Although the highcst corrosiop rates and most severe l‘oc’alizcd corrosion were:

‘ found in mixed culture, thq nature of the interaction betwcen A. putrefaciens and SRB.

requires further study. Is there an cxcuangc of sulfate reduction intermediates and does

sulfite and thiosufate reduction by isolate Ps 200 increase the sulfide production in mixed

culture? What are the uources and concentrations of oxidized sulfur intermediates in the o
_ oil field environment? If sulfate uoncentx'ationu‘me lixuiting, the use of bisulfite as an .
. oxygen scavenger for inhibition of corrosion Ec’i'uld possibly enhance thc sulfide
production in the systcm The cOrrosmn activity of other sulfxtcfrcducm g organisms,
such as the closmdla which are found in the oil field and are llkcly interact with SRB and
Al putrefac:ens could also be tested in mixed culture. |

] From the lumtcd corrosion expenmcnts conductcd in this: stud)j it appears that

attachment and corrosion were enhanced using conditions recongdcd by,Taﬁall

" (1986), Which mimic field conditions. - These include using nutrientTimited mgdia ) ' v
o (without st extract) an/)ixed-cultures “ The corrosive effects of aerated conditions
were demonstratcd by a,pure culture of D. vulgarzs ALl in -YE, wHere thc fouling . .
~ . ‘ :

’ devcloped overa long time penod ‘One can envision cven more complcx

\nhomogeneous comrosion condmons in the field 1ncludmg m:xed culture with othcr

orgamsms, larger amoums of iron sulfidc t‘oulmga long lengths of plp5 to actasa cathodc
and possxbly aeration. Laboratory corxosmn studles cannot mlmlc the total situation, and %

it is important to analyse corrosion sites in the ?eld 0 confum thc obscrvauons in the lab.

Being able to dupllcate the higher corrosion rates ‘found in field is not necessary, but it is
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xmponént to be ablc 16 dcﬁnc the organisms mvolved in thc field, determine the condmons

‘when they are acuvc (pH tcmpcrtum ctc.) and define thc corrosive condmons and

chcrmcals they producc to be able to combat corrqsmn problems, and dcsxgn against thcm

- (Stoeker 1986).

4 The process of microbiallj‘r enhanced corrosion is very complex. The activity of

mixed ‘éultums, the effects of media composition on attachment and the effects of aeration .

+

- on corrosion warrant furthcr study to help define corrosion conditions as they occur in the

~ oil field cnvuonmcnt Orgamsms such as A. putrefaczens, are an 1mportant componcnt of

the mxcroblal populatxon in the system whjch shouldbc included in any further study of

micfobial corrosion.
‘ .
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|  APEE IXA _
MEDIA FOR,MULATIONANDMETHODS e Y
1. Modified Butlin'$ Medium* - .~ - (A.M.Jobson, Ph.D. thesis). — .
K,HPO, 05
NHfCl . 10 :
o ) - v . BN o
‘NaySOy4 ¢ : . .20 -
MgSO47TH,0. .. Ol
FepSO4H 0 - - 1.001 | /- |
R -_SodmmLactate(GO". e usml o
. Yeast Extract - )15 i '
pH7.2 o '
2. B10 Medium . (C.Pantet, M.Sc. thesis; C.0. Obuekwe, Ph.D, thesis)
S | . - . | . . ,‘ , | i gA_ - 0" i |
ol K2HPO4 o ~: ‘ ' 08 .
R | -G
KHpPOy 02 -
—MgSO4 7H20 2 02
NaCl o | 0.2 .
© MnSOq4 ) 10mlofa _
‘NaMoOg4 . ) \nbmchl% soluUOn‘ i
- CaSOy (Saturatcd) I 10ml ) N
YeastExmact(Difc)y . SO0 . ™,
Bacto Peptone (Difco) ST s BERS
_‘Soluble ferric phosphatc (FcPO4) 4.7
_ (City. Chcrmcal Corp Ncw York) oy o
— W0 990 ml

pH 7.2 . . S |
‘ Dlssolvc FePO4 beforc adjustmg pH of thc medrum The color aftcr pH adjustmcnt v

should be gold to brown. For agar plates add 20 g/l agar. For slopp‘y agar tubes, use 2 5

g/l agar and drspcnse after autoclavmg into stenlc tubes. _
. . s
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" Stock Solutons Mo
" Saturated KAI(SO,)y
20% Tannic acid O
' Saturated HgCl, - _
- xSatumt'ed basic fuohsht - 0.8
. (alcoholic) - ' (
' ‘Filtcr solutton through 'a?l\xilhpom filter bcfpre use.
I l ’c ﬁ |- . i ;: ﬂ]: anQEd n& ‘-' ." R ‘ PN . ) . ' Co m B
. More concentrated, old solutions work best.. § ' :

1 Add asma drop of 24h broth culture to a microscope slidc - '4
2 Next to-this add a drop of staining solution. :
-3, Covcr both drops"wuh a:coverslip. Chock along convergmg hne hetween the drops for

stained ﬂagella after-l min. . \ o '
- Proteus vulga@h broth culture) Wthh has perrtnchous ﬂagclla, was used to tcst

-thc staining method _ - . B A

v

dium_(Board and Hofding 1960)

Solution A Ca T Solution B
NH4H2PO4 . 05 - - Glucose or Lactose 10g/200 ml
' K,HPO, C 05 L o
"Ycast extract - 10 . . ,A'utoclavc scpé’x?atoly...

e vBromothymol blue 0.030

A B0 coo

dH20 o 800 ml
Adjust to pH' 7 15 green.. L _ .
Color change on agar plates: yellow = acid, bluc alkalmc ' o - t

Test orgamsm P aerugmosa > ac18 reacuon
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(Obuckwe etal. 1983)

-  KoHPO, 0.5

N T 10 o

. CaClyHy0 015 . V)

- Na,SO4 70 o "NaCl L5
",M'gse4‘-7‘Hzo 01 o MgCh L 01 - i
 FeyS04H,0 001 or _FeCl,. 4H20. q._;ﬁ .

Sodium Lactate(60%) 1.5-3 ml -
, (Flsher)
dH)0 = 11
| ..pH 7.l2' i} |

Chlonde consntucnts can be subsututcd for sulfur compounds if tcstmg for SO3 or

8203 as the sole sulfur source. Add Na2803 or N328203 as filter stenhzcd 0%
' solutxons ata rate of 3 drops (~0.1 ml) per 10 ml of medium.

o

Decarboxylase Base (Difco) |
Bacto Peptone 5 .
Yeast exlract _ 3 )
Dextrose SR . ' 1 o
Bromocresol purple (1 6%) - - 0.625ml ,
Cresol red (0.2%) o 25m S

. L-onithine (Ca)glochcm) 10 '

. pH 6.5 ' ’

e
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" nitrite. - R

Nitrate reduction medium (Stanier ég al. 1966)

2

"y

Yeast extract " ' " 30
" Glycerol 100
CKNO3 ¢ ' 100
Agar -1 . (Makeoverlay with 10 g/l)

i q“‘

1 Dlspensc medium into tubcs after sterilization.

- 2. Inoculate moltcn ‘medium, coul in ice then ovcrlay with 5 ml of the same medxum

3. Incubate tubes for upto 1 wcek watching for gas production (N2)

4, Test for mtmc formation with 3 drops each of:

g/l sulfamhc acid in 5 N acetic acid -
. Sg/llalpha naphthylamme in 5 N acetic acid
Injcct {nto the tube thh a pastcur pipet. Color c}unge to red 1nd1catcs thc prcsence of
. ._
Control orgamsms P. aerugmom -> gas production’
P vulgarzs > mtrltc production -

R f Trim h l imin MAQ) (
TMAO Mcdlum (Wood and Baird 1943)
+ | ' ﬂ- '
Bacto peptone T 5 _
 D-glucose * , | 25
K,HPO4 . . N §
MgSOy: 7H20 R 1
Nach s

‘ Tnmcthylamme -N-oxide o 1
g pH 12 )

Dasgcnse 5ml per cach 16X150 mm test tube. Inoculate and mcubatc at 22°C for 2-3
days

\ ' o

e



1:Add 1,8 ml of 40% formaldehyde Shakc and let tube’sit for'3 1 mm v' ‘
2, Add 3ml satdratcd K2CO3 Y

dlfﬁcult to see whxch tubcs gave the posmvc reacnon .
P. vulgaris and ATCC strains of A. putrefaciens were used as posmve

g controls and P. aerugmosa asa negatlvc cohtrol organisms.

-




o

 KgHPO4 05
Na2SO4. - o -172.0
‘MgSO4TH,0 | 02
NH4C1- . 10
KNO; | .20 ¢
FeSO4.7TH,0 . trace N

]Q S ]‘ﬁ . l . !S‘]E - E . . lc !
‘K2H(P04 R - 705 4
NH,Cl , 1.0
NaCl 4 15 A
MgCly 0.1 . B
Sodium Lactate (60%) . - l5ml
‘Yeast Extract . 1.5
pH 7.2 '
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APPENDIXB .
‘ Determination of thé melting temperatum (Tm) was done as described by Johnson

(1981):"
,‘ DNA preparations were dialysed into 12 8sC* ovcmight. Edch dialysis batch must
- include E.coli b DNA as & standard. Melung profile determination was done on a Pye

Unicam PU 8800 recording specu'ophotomcc{:r with.an Accuron spx 876 series 2.
' Temperature Programme Controller supphed by Dr. J. Robinson in the Dept. of Medxcal

Mlcrobxology. University of Alberta.

1.DNA samplcs were diluted into 1/2 SSC* to Absorbaﬁoe at 260nm of about 0 4 0.45.
Set machine offset = 0.4 '

Full scale span = 0 2 units (Agg raises about 0. 15 Absorbancc umts)
2. The cuvette chamber was heated, increasing the temperature linearly at 1°C/min.
3. The melting cufvc of increasing Ajgp With incfcasing temperature was recorded on the
chart recordcr The temperature was marked on the trace evcry degree since the ‘
temperature increase was not lmcar at high tcmperatures with the instrument used.

4. Replot the data of A260 vs. tcmpcraturc and detemunc the midpoint tcmperaturc The

" Tm was dlso confirmed from the ‘recorded trace. |
-5. Calculate the G+C by compating the'melung temperature of the sample DNA to the
-same batch E. &Q b D‘NA by the formula:

mol% G+C = mol % G+C ref + 1.99¢( Tmtx) -Tm (réf) )

=510 + 1.99 (Tm(y) - Tm (ref) )

S

*SSC is Standard Saline Citrate (0.15 M Naé} +0.015 M Sodium Citrate, pH 7.2) -
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o ~ APPENDIX B (continued) |
Table B1, Determination of mol% G+C of A. putrefaciens isolates by the thermal melting
 pointmethod.
Isolate Melting tarnperature Calculated
" (Tm) mol% G+C . .
- L . 4 \
. Bﬂ!&h.l . g i
- <E.coli b - - - 87.6 (Fmref) - "51.0 (ref) *
- Ps 200 . 832 T, a4 ;
T2Pem 12 835 - 428 ‘
ESSO 4-1° 840 438 -
ESSO 1-1 ° 845 T 448 ] | 3
T2Fed 3 868 494 >
CL4l | 87.8 - 51.4
E.coli b . 816%12 51.0 (ref)
213 2 44.2
216 | 4.8 ,' 45.4
'CL170 © 864 . 486
Fed 80, 88.0 . 518
AN24 (Red). 817 - - 512
' P. aeruginosa 95.8 \ 67.3 .
ATCC 10145 oo ~ ~
. il I :
Baxdh 3 « )
E.colib: . 86.5+0.12- 51(ref) - :
C - ) (Tmref=86.5) - (Tmref =87.6)
CL31 PR N 54.2 . 520
ESSO 1-3 864 508 48.5
Fed75 88.8 . 556 53.3
NAN22 (Fed) = 886108 . 552+ 1.5 528+ 1.5
CL71 .890+06 - 56013 ~-53.6%13
A, putrefaciens 846+ 1.6 472131 1449431
© ATCCBOTL. a o /

& Tm ref of E. coli for Batch 3 was lower than the previous two determinations. The
mol% G+C values dalculated with both Tm values are shown. However, the G+C
determinations using the lower control value have been reported, because they were .
dialysed in the same buffer. ‘ S

b- The mol% G+C values calculated may be high by about 2.4 mol% as the values
reported for ATCC 8071 were 44.7 (Lee et al. 1977_) and 43.4 (Owen et al. 197§).

D LT
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1 mL of cell suspension is added to 1mL"IN NaOH in triplicate for alkalinie «

hydrolysis. Tubes are incubated till cloudiness disappears (~1h). The volume was made

‘uptodmL’ with dH0. Assay 0.1t0 0.4 ml of this mi§ture for dctcmunaﬁon of tolal

protein.
Method: Make up fresh reagcﬁ_&fér cach assay: } s

Solution A:' (Good for § hours) -

2% Na,CO3in ONNgOH - 100 c
2% sodium tartrate. a | 1 ' ~
1% CuSO4 5H20 L .1

& T -

' S_legn_B_.Folm Chxlcaltcau reagent (Phcnolj{cagcnt Fnshcr) ©
~ Dilute 1/2 with water.

-

Standa:d curve fwotcm concentration was madc with bovine gamma globulm

standard (1.4 mg/ml) diluted to from 0-120 ungl 3
1. Add a total of 0.4 ml | protein solution 10 a small test be. If smaller volumes
are used, make up the difference with dH,O. . '
2. Add 2 m! Solution A Vortex, let stand for 10 minutes.
--3.Add 0.2 ml Solution B. uxckly.vortex. Let stand for 30-45 min. o

| 'Read the A0 and determine the concentration compared to a standard curve.

o]

e oY e ' . Cmnoars o ' e RETORE ,‘ .::'v'"‘;;:_,,:w':,«:,‘ ‘
| APPENDIX C ) |
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N (‘Knshna Mum etal 1966 Grecnberg et.al 1985)

‘,,‘;v,

o Inlow pH samples (pH3. 5) red colored eomplcx forms rapldly between 3
o-phenanthroline +1Fe?2t, 'I’hls compIex is very stable and can be determmed
. spectrophotomctncally

.

L Stock ferrous iron solutxon ( ZOOmyl fmal concentrauon) ’ ‘ o
: ~Usmg ferrous ammonmm sulfate (Greenberg etal 1985)
a. Slowly add 20ml conc. HySO4 to 50 ml dHZO : ,
“b. Dissolve 1 404 g Fe(504)2(NHy)y: 6H20 o - o \ o
c. Dnlute to 11w1th water. . - C )

Q

< : T e

. @

g 2.0- Phenanthrolme Reagent (O 2%) : o
a. Dissolve 0.50 g-1,10 -phenanthrolme monohydrate (FlShCI‘ Scxentxﬁc) ina
- small amount of dH,O. Add 5 drops conc HCl to a1d dlssolutlon R
b. Dllute to 250 ml with w;iter C e e
' ‘4 3 Sodxum acetate-acetic ac1d buffer , pH 3 5 ,
L a, stsolve 27.2 g sodium acetate in 500 mL HZO SR %’é L
b. Add 123 ml glacial acetic acid. L S _ o N
- ¢. Dilute to 1 lI with water _ ’ : ' |

.4, Buffcn&z)—phcriamhroline rezigent )
separately-in a volumetric ﬂask , . -
. 15ml sodxum acetate- acetic amd buffer (pH 3. 5) ' i \ e
© 5ml ophenanthrolmc(OZ%) E - . o o *
b.. Bnng to 100 ml with dH,0., - R '\\' e - L

' ¢. Pipet accurate volumes (x e. 5‘6r 10 ml) into clean test tubes for dxlutxon of ‘1 ‘ '

A

. <.

samplcsforlron analysxs ' , R AR

, : T . . CN
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‘ - Using 1 cm. light path. the range of édn" n&radons of fermus‘irdn dctéctcd is frbm ‘
0 to 5.ppm orO'to"SOO ug/lOO ml L - ' (
JETL é}-

.‘i

1. Dilute STOCK IRON (200 mg/l) ‘Add 10 ml/'100 ml deo toaa final coneentratiori
of 20-mg/1 for Standard iron solut10n Make drlutlons of this standard i iron for a standard.

4

~ curve as follows: ‘ ‘ g

Q ‘ .n\EE .3‘-'n

opm) . (Ug/100ml) vol. flask)
0 “" 0 o 0 '
.04 40 2
R T . 100 5
2- . 200 10 (or Sml/50 ml)* ‘
3 5300 15
4. 400 ~ 20 (or 10ml/50ml)
s

5()0 o © 25 B

| 2. Add 15 ml sodium acctate/acctrc acrd buffer to each flask.
3. Add 5ml o- phenanthrolme 0.2%). ‘ | |
4. Dilute to'volume. - o o B

. 5. Read A 5'1‘{) and make stan__dard curve of A5 IYO vs Fer concentration. -

o Samplcs for Fe2* analysrs are diluted into accuraté volumes of buffered °
o-phenanthrolme as fo\thc standard curve These are read at Ag 10 VS- an appropnatc

- blank (i.e. same drlutlon ‘of an unmnoculatcd control) 'I’hc conccntrauon of ferrous ions - ’

‘ can be calculated by refemng to the standard curve, & .

- "(.,d R
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Table F1. Effect of storage at 4°C in0.1M phosphate buffer on iron reduction by rcsnng
. ~ cells of strains of A. putrefaciens ‘ ~
A Iron reduction rate -
Storage mgFe{ /l /h/ml cells Viable
time cell number Optical dcqsity
Isqlate (days) 23°C 30°C (/ml) (600 nm)
Ps 200 0 644 , ma® 8.80 x 108 \.288
‘ 3 520 % nd 5.17x 108, 1.262
4 -- 458 " 513 1.56 x 108 1.285
6 367 448 1.53x 108 1.290
11 389 ., 40 3.78 x 108 1277
Pem 12 0 58.9 nd 1.09°% 09 - C1.007
3 ‘ 3 450 nd | 1.10x108 - 0961
4 433 463" 2.77 x'108 0.939
6 336 . 380 1.53.x 103\ 0.899
11 -26.1 32.4 3.20x 168 0.813
ESSO4-1 0 - 451 . nd " 3.60x 107 1.118 |
, 3 410 %3 _1d NG 0992
4 356 311 2.26 X" 107 " 0.963
6 342 259 © 2.10x 107 0.913 2
1 177 201 3.30x 105 0.781 -

2. nd= not determined
b. NG=no growth

Lo
v
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Table F2. Summary of iron reduction rates of resting cells of strains of A, putrqfaciens

‘ isolated fromoil field fluids ‘ 3
e - : — . |
OD 600 Storage Viable Cell - Protsin Vol. mg Fe!&![l/hr .;30. |
at time Number  content cells . /mg protein 8- o
f’l Isolate, harvest (days) (/ml) (ug/ml) (ml) Avg.
Ps200 157 0 97x105 62436 1_ 974 156 1%

(carly stationary) : o : _
_ 2 20x108°  613+8 05 357 17 112(28%)>
| ‘ 1 672 110 _

2 1343 110

3 1664 -S

3 19x108 649+8' 1 432 61. 61 (57%)

Ps200 088 0 17x108 290s+13 05 20 . - .
(6 h exponential) B 1 - 45 153 158
2 97 . 164
3. 159 -

N

2 12x108 3187 1 428 135 147 (1%)
| T LS 757 159
2 1018 160 . -
‘ 3 1488 < . »
Ps200 16 0 39x109  432%30 0.5 308 142 1443

(15 h stationary) - 1 63.6 147 RS
° 2. 166 - - L
.3 280 o ) : \"\.\

2 30x109 . 426£20 05 214 - |
. I 552 130 198 (11%)

2. 1082 126 _,

3 L

-

Pem12 124 0 21x107 547416 1 128 . 234. 234

(early stationary) _ . :
» ' : 2 70x 168 5268 05 383 146 145 (38%)
. 1 80| 152° ‘
2 1449 138
r . 3 204 -

3 88x108  534x8 1. 488 91 91 (61%),

Pem12 087 O ndd- - 446+15 05 597 268 282
(¢xponenudl) .- - '- 1 1323 297
- .15 2392 - -

s
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4 ‘ B “ﬁn-l “l.l‘ suspension Tron Bid!!alﬂﬂnlsll“ @30°C " ’,
OD 600 Storage Viable Celi Protein  Vol. 'mg Fe“<™/1 /hr - :
he : at -time Number ' content «cells, /mgprotein v
~ Isolate - harvest (days) Ugnl) ((ug/ml)‘ (ml) " Avg. =
T2Fed3 093 0 nogowth 54020 1 515 95 95
(15 h early stationary) B R : L
. ‘ -~ v )
‘ 2 40x107  542%20 1. 27 - N
| . 2. 286 .26 29 (69%)
350 31 |
, ‘ 4 611 31
. ) . . . ¢
T2Fed3 092 0 60x107 3066 -05 106 - |
(‘14 h'exponential ) °= - 1 +223 73 94
L : 2 6l 9 .
| 31033 112
2 23x107  353%5 1 0 _
: 2 144 -
3 29 27 29 (69%)
4 435 31
T2Fed3 12 0 18x108 469%30 05 © -
(17 h stationary) o | 1 272 - S8 58
. | 2, 531 57 .
3 .8 8 -
2 34x107  464%20n1 0 . - |
: 2 192 .-21 25 (5T%)
3 349 .25
. 4 536 29
GROUP 1 - . : e ; |
216 . 059 .0 ~209x109 486+12 -1 *~ 448 92 94
. S : - 15. 691 95
i | .27 925 95
2  nd 512£18 1. 238 46 51 (46%)
D 2. 515 s6
230 08 0 70x109° 674+16 1  107.8° 160 160
| 1.5 1607~ - -
\ Q 2 2158 -
2  nd 736+18 1 869 118 118 (26%)
T - ‘ .2 1868 -
.A. putrefaciens R oL '
ATCC 105 0 .nd 43112 05 27 122 132

8071 - ﬁ e g L 633 143
o A 1.5 1085 ‘163
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Table F2 (continued) . . o s e
oo N . . )
OD 600 Storage Viable Cell Protein  Vol.” mg g! g/l/hr L o
. at fime Number . content- cells /mg protein
Isolate _harvest (days) - (/ml) (ug/ml) (ml) -~ Avg,
GROUPZ , — - - —
213 - 136 0 26x107 742+19 1 875 118 118
: : 1.5 -1519 -
2 1935 -
- . B )
, 2 42x108 744325 1 748 101 105 (11%) .
o 1.5 123 110 - .
_ - .. 2 1496 101
CL70 137 0~ nd  661%21 0.5 . 391 . . 184
o ‘1 1214 184
R . 3 15 2116 -
y o j 2 M4 -
ESSO4-1 130 O 46x108 47913 1 721 15t 167
/ R 1.5 1313 183
. 2 1742 182
2 29x108 4626 1 347 75 84 (50%)
i 15 642 93
| > 2 921 100
ESSO1-1 145 0' 7.0x109 668+17 1 142 213" 213
| : - 15 1859 - ‘
- | i 2 2558 -
2 28x109 68517 1 41 69 65('/ (69%)
“ 15 64 62 o
R | 2. 102 , 74 . -
ESSO4-2 080 O 53x108  298+12 1 745 150 153
t : T T s 11647 156 .
N | ©2 1584+ 159
2 “nd .. 510&5 1 51 100 100 (35%)
. | . , 2 156 -
- GROUP3 - : LR , , -
ESSQ13 160 0 nd . ¢ 527£28 1 1252 238 238
o | 1.5 1868 - .
2 2718 - _
, 2. nd  S5T0%£11 1 526 92 . 103 (57%)

‘1.5 976 114 /
2 . 1269 l'll' -7
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Table FZ;’( conii'nued) E 4 )
T " Rosiing coll suspension duction Rates ;
/ OD 600 Storage Viable Cell  Protein~ Vol. mg Fe“*/1 /ar ¥
. ' at time Numger‘ . «content  cells . /mg protein
‘ Isoiate harvest (days) (/ml) - ‘(ug/ml) . (@) * . Avg.: -
GROUPZ T - .
CL4A1 128 0 33x107 474+16 1- 448 92 92 -
2 20x107 461£10 1 .0 -
S 3203 15 14 (85%)
. ‘ 4 239 13 - .
A ST 239413 |
cmx 129 . 0 - nd . .¥ 478%£16 .05 455. 190 177
e o 701 782 164 -
_ . 1.5 1287 179,
< © s 2 1744 - o
AN22 1.39 Qo nd s63+4 0.5 339 120 145
. | ; 1 . 866 . 154
. 1.5 1367 162
B ) g s : . 2 159.2 - ”"“
cL7t 117 0 nod.  512+16 05 16 . -
o U1 456 89 . 106
15 951 - 124
| ) N 2. 1241 7121 -
AN24 1167 0  nd 400+£26 0.5 4.1 - - -
X e 7L 131 33 42
© .15 266 44 |
SR ‘ ‘2 387 48 :
Fed75 145 © 0 nd  627£35 0.5 383 122 140
SRR - | 1 995 159 :
* 5 1438 T ' .
o L 2 1828 -
Fed80 074 0  nd, 389+ 6 Qs' 101 -
S A - 254 65 715
» | .,415 474 .81
N e 2 616 19
' <4

"4 frof reducuon rates per unitprotein wesd ¢ detcrmmed for rates between 20 and 130.
- mg Fe(I)1 h. Activity expressed as umol Fe(II)/h/mg protem can be calcnlated by
dividing by a factor of 558

e
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'APPENDIX G

e,

1 Reservoi? 8348 v;:llu‘c~ (McCready and Krouse 1979)

2. 5348 of the HyS( accumrxjﬁidted) (Kfousc ét al. 1968)

‘ thrc ' Sires = 8348 value of thc IESErvoir at time t;

calculate the vglue of the rcservonr sulfur at time ‘1 ‘using the 8348 va]ucs of :
the cvolvcd sulfide fractions

o . e

' * : -2 X Y

N o R ONE ' . ' . : . | )
.8. - L - ‘ ‘ ‘ . ‘ . '
. . ) . ‘

lres =
1

B IOO‘ZXi

. 1-

6- = the 8345 value of the i th fraction of H,S evolved
X; = the percentage of sulfide in thc ith fracuon of H,S, collected

from tiptoy : -
100 = the total percentagc of S in 803 atdme zero _J

~

L -refcrs to thc avcragc 1sotop1c\pomposmon of all HZS collcctcd up to a given

pomt in the reactlon

‘ 2534{ (fractioni) x massi T 8. X; |

. o i
‘ 8ac"cumulat’ed= T T =
: Total mass of product collected -~ - X Total - ™y ——

L@
S
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APPENDIX' G (continued) - -
” ' / . . * ’ I M .\ ,

¢

Tablc G—l Kinetics and sulfur isotope fractionation durmg anaerobxc reduction of sulﬁtc

by growmg cells of A. putrefac:ens isolate Ps 200.

N

” *Inversc 1sotope cffect is cvxderlt where st evolvcd is enriched in 548 as comparcd t({

the total sulfur remammg m the rcactlon solunon (higher 54s than the rescrvo;r)

T
@ 1 . >
=
B
? - »
9 o ' D Y .

| ; .
Sample Growth = %- 84 -/ 5348 ) . 834s:
Number Time . Reaction (HpS Fraction) ~ (HpS | (Regservoir ,

; , o : ~ Accumulated) . Calculated) -
S ‘31 . 128 -128 - 4041

2 95 54 142 -134 4076

S3 T In. -134 T 134 4T

4 125 ° 197 434 -134 - =33
5 14 328 . 134 - . -134 . %65

6 15 . 386  --54 - J22 0 w11
7 6 - 416  -06 - -100 +9.0

8 17 562 46T .- . 14 ©495
9 185 . 636 . +112% 53 . .. 492
10 205 694 +100% - A39 | 492
11 21.5 718 49.9% 3.5 49,0
12 32.5 811 - +69 . 23 +10.0
13 405 817 +55 S22 4100
14 515 835 . 480 20  +104

o150 &7 838 \+125*' N -1.95 | +103

222 .

o
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APPENDIX G (continued) -
‘Table G-2. Kinetics and sulfur isotope 'ftactiénati'on during anaerobic ricddc_tidnbf sulﬁfc

: by growing cells of A. putrefaciens: lsolate T2Fed 3
A ' : —

éamplé Growth % - 84s 54 - 84s |
Number Time ~ Reaction - (HpS Fraction) - (HpS (Reservoir b
' : ' : _accuxqulated) " Calculated)

{1 . 01 . 87 . 81 4001
2 13 - o201 133 o131 4028

3 15 37 125 Coc128 0 4049

4 17 66 q22 0 -126 | 40.88

5 185 . - 100 114 122 130

6 20 148 -109 122, 420

7 125 215 - 93 . -110 ' 430
8 23 29.6 -53 S 94 b
9 24% 37 - 38 86 - +49

10 335 . 709 . 438 . 26. . 46l
11+ 38 S 75.0 +202%  -14 S 438
12 42 715 4200¢ 1 o420

L. N
. T

*[nverse isotope effect is evident whch?c'H%iS .evolved is enriched in 57S as compared to
- . P o ﬂ . . ' .

the total sulfur remaining in the reactidn' solution ( higher 8348 than. the .res;eroir) .

-

0O~ ' \:"
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‘ APPENDIX G (continued)‘
Table G -3. Kmeucs and sulfuri 1sotope fractionation durmg anaerobxc reducuon of SO3
by growmg cells of A putrefaciens: Isolate Pem 12 o
. Sample Growth = % 534 - _5348 . C8Ms ‘
" -Number Time Reaction (I-I28 Fracuon) (H5S " (Reservoir
: | accumulated) . - Calculated)
1 1 03 21 & 27 0
o2 13 . 04 43 31 0
3 14 iz 51 44 0 4005 -
T4 15 16 58 S 48 4007
-5 16 - 23 65 53 +0.12
6 17 0 33 74 59 402
7 18 . 46 92 68 . 4033
8 19 64 - -109 8.0 . +0.55
9 20 7 11, o 87 f+o73.
10 21 106 0 +131 99 412
o T2 148 -125 106 #185
172 22 ¢ 209 . -1300 . 113 4299 .
13 245, 27.2 136 a8, +a4y
14 325 602 78 S9.6 . 4146
1S - 34" 634 . -1y . 92 . 4159
16 35 . 674 431 .85 41715
TR A X 7% BN S | R X 41882
18 415 76.4 - _421.3% . -5.7 , . +184
19 46 . 80.8° | 4342« 35 4148
20 57 835 . 43+ 23 4118
/‘ 21 64 84:1 290 a1 +11.2

' *Inve,rsc 1sotope effcct is evident where HpS cvolved is enrlchcd in j4S as compared to

the total sulfur remaining in thc rcacuon solunon (higher 8348 than the reserv01r)
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~ABFENDIX G‘(;om'ih’ucd)

-

o Table G-4. Kinetics and sulfur isotope fractionation durmg anacrobxc reducuon of sulﬁte

by growmg cells. of A putrefaciens: Tsolate CLAlL -

Sumple- Growh % &% T 7
- Number Time = Reaction . (H,S Fraction) T (HpS - (Reservoir
, , : R 'accumu'latcd)x B Calcplated)
1 “no 23 . a1 . a1 018
2 13 43 . 109 ¢ 092 041
3 5 - 16 140 C-113 093
4 65 . . 1.8 129 T 118 159
5 18 169 . 109 - . -116 .. 235
6. 19 221  -104 113 32
7 20 C 299 12 C1Ls 49
8 a0 400 92 . 109 130
9 25 52.7 43 | 9.3 104
10 25 . 65 p3 a7 133
11 %o 186 k1 a1
12 - 3 806 113 42 177
13 41 823 115 39 182
14 58, 2 117 34 19
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Table H1. Differences iri the corrosion rates and the amount of corrosion proiuct on mild

. stel corrosign coupons in cormosion eéxperiments with mixed gnd pure cultures of
isolates A. putrefaciens Ps 200 and D. vulgaris ‘AL1 )n ‘ ‘

y R ) . - - N ' : '
Corrosion Test Corrosion Estimated weight of . o
- Inoculumand - rate. attached material &  Desaription 6f corrosion. - Figure
- medivm  (mdd). " . (mg) .. - products and coating
i ol B T
S Bumms 21 98 -nocoatingandlittle attichment 15,16
¢ YE . 46 81  -whiecoatingumsblueinair, 1517
. , . ‘ ~* crystalline (iron phosphate) L
.. -f;3203= - . 2.0 13.0 - thin black, protective FeS layer 15,16
. ALL SR N L ' 4
" Butlin's 6wk 11.6 . 92.6 = -heavy black slime, mats oflong 18,19
f S 12wk 33 62.1 . s interspersed with FeS, ‘
~ L ‘ .~ moreat6weeks '
- -YE 186 58.4 - - heavy black slime,only developed 18,20
. . - from6 wks, rinsed. off easily K
- +S?_03= 150 . 2215.4 . -very heavy black slime . 18,19
- Butlin's | 1:1. 140 - - thin black adherent FeS layer 21,22

v . " . .. thinlayer of atached organisms "
-YE 27~ 2465 -very heavyblack slime .- . . 21,22

#8505 36 240 . -nonadherent mucoid gray ééaii';ig, 23
_ T B and protective FeS film '
T35, Y 1006 -yelowamophousoxide 14
Lk YE - 43 1051 -yellow,amorphous oxide
. +85;03% - 9.1 183.8 '-yellvc‘rw'co'at with black patchcs.an'd

black undercoat -

a Aﬁproximate ttr}ldhh,t of co_nosion'p‘roduct on fixed and dried COubons calculated_fmm the -
. difference between the weight ofﬁﬁupon with attached corrosion product and the average =~
weight loss after _acid ‘cleani’ng. culations shownin Table H2. = = . :

o .
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o AISPENDIX.‘[-_l’(c'ontinucd) >

s

, Tablc H2. Weight gam and estimation of the.amount of corrosion product attached to
con'osmn coupons after fixing and drymg . ,
|

‘ ngsign coupons Approximate
‘Medium and Wclght gain - Avg.weight loss " amountof
inoculum - of fixed and after acid. * - attached
. Time dned coupon® ' cleaning D - material®
(weeks) ,‘_(mg) : (mg) .~~~ (mg)
Control 6 4;.1' . 32.3 - : 7(5)2)3
12 62.7 37. - 100.6
_Ps200 6 Y 129 3.2
| 12 SESTR 209 9.8
CALL - 6 353 - 513 92.6
12 © 28.0 34.1. 62.1
Mixed 6 1.0° 85 95
12 3.1 109 © 14.0
Bullins-YE
Control 12 62.4 4277 105.1
Ps200 12 - 124 . -457 . S8l
ALl 12 .- -1260 1844 3584
Mixed . 12 220 2045 ° 2465
.,‘Butlin'é +§§g3=' \ | e ' - B
Control .. 12 938 - 90.0 18338
Ps200 12 67 197 130
ALL 12665 1489 . 2154
Mixed 12 114 354 " 24,0

. a Ncg'auve' values indicate a weight loss..
- Average wexght loss of 3 coupons, as per Table 18.

A3

f €. Total corrosion product = Avg. weight loss after acid clcamng + weight ga‘?faftcr drymg
Difference between the weight with attached corrosion'product and the weight after acid

cleaning is the approximate amount of corrosion product .



