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Effect of Chlorine and

Chlorine/Bromine Biocide Treatments
on the Number and Activity of Biofilm Bacteria

‘and on Carbon Steel Corrosion "
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ABSTRACT

INTRODUCTION

The sfifcacy of NaQC! and & mixture of NaOCI and NaBr as bio-
cldes at reducing the numbers and metabalic activily of sessiie
bacleria on carbon steel in a moderately alkalina test medium
were evaluated. The polarization resistances, measured by elec-
trachemical impedanca spectroscopy (EIS) of the carbon steef
coupons, wWere evaluated prior to and during bioclde treatiments.
Corrosion lubercles wera observed on the carbon sleel samples
four days after inpculation with a consortia of five differen! physio-
logical types of bacleria. NaOGI or NaOCINaBr was then added
la the vessels containing the steel samples. Exposure {0 2 ppm of
residual chlorine or residual chiorine/broming for twe hours had
little eifect on the numbars of sessile bacteria or the bactsrial
melabolic activity, as measured by '*C-acetate incorporation into
total fiplds. Treatment lor two hours with 16 ppm of residual chic-
rine or residusl chlorine/bromine, followed by a 24-h Ireatment
with 2 ppm of rasidual biogide, decreésed sessile aerobic bacte-
ria by two orders of magnitude and decreased sessile sulfale-
reducing bacteria (SRB} by ihree orders of magnilude. Baclerial
metabolic activity was decréased lo the levels of the slerile can-
trals foilowing the 16 ppm treatment. Bacleria in the bulk solution
were reduced from approximalely 5 % 107 cells/imb fo less than !
cellimL following the 16 ppm lreatmenls. The carbon sfeel admit-
lanca increased when samples were treated with the high con-

. conlrations of biocides, compared lo unirealed controls. These
results indicated that low levals of halogen biocide lreatments

may be inelfactive at reducing sessile bacterial populations in
moderalely alkaline systams. Treatments with high concentralions
of halogan biocide, though effective al reducing bacterial num-
bers and activitles, increased the corrosion rate of the carbon
steel.
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Biolouling and biodelerioration by microorganisms can lead lo pre-
mature [ailures of melallic pipelines.’ As a result, biocide lreal-
menits are oflen used as countermeasures o decrease the biolou-
fing and microbially influenced corrosion {(MIC) of slesl pipes.
Evalualion of biocide efficacy agains| sessite bacleria at industrial
plants Is ollen a dilficult task. Often only the planklenic baclerial
populations are evalualed since planklonic bacleria arg more eas-
iiy sampled lhan sessile bacteria. Sessile bacleria tend lo be more
resistanl lo biocide Ireatment an are planklonic bacteria.®**

In additic 1o the dilficullies In microbiological evaluation of
biocide elficacy, he ellect of the biocide on the melal corrosion is
also ditficult to assess in industrial planis. Halogen biocides, such
as hypochlorous acid and hypobromous acid, are slrong oxidizing
agents and can be corrosive to metals.™ Low-level use of thase
biocldes is oflen recommended lor lrealment ol cooling waler sys-
tems In order lo minimize the corrosive effecls of these biocides.®
Since low-level lrealment may nol be elfective against lhe sessile
bacleria, evalualion of the ellectiveness of these trealments based
on planklonic cells may provide a lalse sense of securlly.

Olten biocide elticacy studies are performed on monocullures
rather than consotiia of bacleria. It is possible that biccide ellicacy
is not anly dependent upror: oumber and biomass parameters, bu
also on consorliai makeup. In the present study, the biocidal activl-
lies of NaQCH and a mixiure of NaOCl and NaBr against a consor-
tium of live dillerent physiological lypes of bacleria, which were
isolaled Irom failed sleel pipes, were evalualed. The rale ol corro-
sion influenced by bacleria appears to be dependent on the mela-
holic activilies of the microbes, not merely on The amount of micra-
bial biomass.”® Therefore, in addition 1o evaluation of the numbers
ol sessile bacleria presen! during biocide reaiments, the aclivity of
ihe biofilm, as delermined by '*C-acelale incorporalion into liplds,
was evalualed, .

Primarily due to high photosynihelic aclivily, ihe pH of lake
waler can rise. The acld form af halogen biccides is more eifective
ihan the sail.* Hypobromous acid is considered lo be more elfec-
tive in alkaline environments than is hypochlorous ackd, since the
pla of hypobromous acid, 8.8, is.iigher than hypochlorous acid,
7.2. The medium used in lhe present sludy was a plf 8.5 dilute
Nlowing medium. A dilute flowing sysiem was used, since fowing
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syslems befler simulate in siflu environments than do balch cullure

syslems.
in the present study, a lest system was developed lo evalu-

ata the biocidal effects of biocide lreatments against sessile bacte-

ria and the elfects of the biocide on the carbon steet corrasion
rates.

EXPERIMENTAL PROCEDUHRES

Media

* The basal salls used for all media contained (per lilter of
deionized water): 50 mg NH,C), 50 rag MgSQ,-7H,0, 5 mg
CaCl-2H,0, 27 mg KH,PQ,, 142 mg Na,S0,, 121 mg Tris-HC

~ buffer, and 1 mL Hutner's mineral.® The pH of all media was ad-

Justed to 8.5 with NaOH. The fallowing carbon sources were
added to the media used in the flowing system (per liter of deio-
nized waler): 20 mg glucose, 10 mg calcium laclale, 10 mg so-
dium citrate, and 5 mg yeast extracl. For analyses of colony-
{orming units {CFUs), 15 g/L agar was added fo the media and the
concentrations of the carbon sources used in ihe solid media were
increased 10-fold 1o allow visual detection of colonies. Mos! proba-
ble number (MPN) tubes lor sulfate-reducing bacleria (SR8} con-
talned {per lller of basat salis) 100 mg calcium lactale, 100 my
yeas! extract, and 1 g ferric ammonium sulfate. MPN lube media
ware made anaercbic by bofling under a stream al O,-free nifro-
gen. Anaercbic media were dispensed into rubber stopper-sealed
pressure lubes as described by Balch et al.? Sulfate reduction was
assayed by the production of black FeS ailer a one-week incuba-
tion period. .

Bacteria

The bacteria used In this study were oblained from a labora-
tory cullure collection of bacteria isolated lrom tubercles on failed
steel pipes. Thdsa bacleria were analyzed by the Hewlell-Pack-
ard!" microbial identification systern, which compares the profile of
membiane falty acids with lhose contained in & compuler library.'?
The bacteria selected for this study were two physialogically diller-
ent Pseudomonas spp., a Bacillus sp., an Erwinia sp., an Acineto-
bacter sp., and a lactale-using sulfale-reducing baclerium. Sterile
micrabiolagical medium was allowed to flow inlo the {lasks for ane
day prior 16 inccutation with bacleria. Bacleria were incubated for
one to two days at 24°C prior to inoculation into tesl flasks. Two

milliiters, approximately 10% cells; of each cullure was used as lhe ’

Inoculum.

Test Systemn _

. ..Two llasks were used for each Irealment, one flask for per-
forming electrochemicat analysis and one flask for pedorming mi-
croblologicai analysis. The compiela experimental syslem was
described.!* This arrangement was used so thal the electrochemi-
cal measurements would nol be disturbed during the removal of
coupons for microbiological evaluation. The working glecliodes
were C1020 {UNS'® G10200} carbon slee! coupons embedded in
epoxy.® Electiical leads were scldered to Ihe back of the sam-
ples. The composillon of the sleel by weight percent was C, 0.17;
Mn, 0.42; P, 0.009; and S, 0.006. The electrochemical flasks also
contained a salt bridge for connecting a saluraled calomnet refer-
ence electrode (SGE) o the solulion and a litanium caunterelec- .
rede. The Nasks had medium inlet and oullel ports. The liquid vol-
ume of the flasks was 500 mL and the dilution rate for lhe medium
was 0.1 per hour, The medium was conslantiy slirred using mag-

_netic stir bars.

MHawlell-Packard Co., Precision Instuments, Palo Allo, CA.

1NUNS numbers are llsted In Matals and Alloys in the Unified Numbering Systom,
published by the Scciely of Automotive Engineers (SAE) and cosponsored by the
American Sociely for Testing and Materlals (ASTM).

Pyolal Samples Co., Munlord, AL

The !lasks for microbiological analyses contained 10 to 16
epoxy embedded C1020 carbon steel coupons per flask. Stainless
sleel hooks were used lo suspend lhe embedded coupons in the
medium. All carbon sleel samples were finished lo 600 grit with
silicon carbide finishing paper. Flasks were slerilized by ethylene
axide slerilization al Ihe University of Tennessee Medical Cenler.
All experiments were performed under aeseplic condilions in a
Class 100 laminar-flow hood.

Biocide Additions

Bioliims were allowed o develop or: lhe melal surfaces for
four days prior lo biocide addition, NaOC| was prepared Immedi-
ately prior to use as a 100x stock solulion. The solution was
added 1o the medium unlil Ihe appropsiale level of lolal residual
biocide was oblained, as measured by the DPD Cl, tesl.'? For
studies using the conlinuous treatrment of NaOCI and NaBr, 4
mg/L NaBr was added lo Whe medium reservolr and & stock solu-
tion of NaOCl was conlinuously pumped inlo the Hasks using perl-
slaltic pumps.“ The lotal residual biocide was monitored over the
course of the experiments lo allow.adjusiment of the biocide level
lo the appropriaie levels. :

o>

Evaluation of Bacterial Populations .

Coupons were remaved lrom the flagks and flanged tubes
containing O-ring seals were clamped (o the coupons. One millili-
ter ol anaerobic basal salls solulion was added to each {ube. The
solution was peint-sonicaled 3 times in 3-second pulses 10 remove
bactera from the surface. Prior tests comparing iotal celf counts
using acridine orange direct counts [AGDC) and viable counis us-
ing CFUs showed thal this sonication treatment had no significant
eflecl on bacterial viability. The suspension was serially diluted in
anaerobic basal salls and the dilulenls were plated on agar media
or inoculated into MPN tubes. The number of aerobic and faculta-
lively anaerobic bacleria, associaled with the steel suriaces, wara
delermined by aerobic plale counls of CFUs. The number of sul-
fale reducing bacleria was delermined by MPN analysis o anaero-
bic broth lubes. Tha CFU dala represent the average of duplicale
plales from individual coupons. Three-lube MPNs were used o
obtain values for sullale reducers. B

Evaluation of Bacterial Metabolic Activity

Test coupons wera removed from the flask and a modified
separalory funnel with an O-ring base was clamped onlo each
coupan.*® One-hall millititer of basal sails solution, containing 2.5
i "*C-acelate (85 mChmmole™ ') was added lo each separatary
funnel. Alter 30-min incubation, 5 mL chloroform, 5 mL methanol,
and 4 mi. of pH 7.4 phosphale bulfer were added lo the separa-
lary funnels. Alter two hours, the solulions were lranstered 1o se-
paralory funnels using two washes of 2.5 mL chioroform each.
Five millililers of 18 MSl-cm deionized waler was added to each
solulion 10 cause phase separallon. The chioroform phase, con-

“ taining the lipid traction, was remaved and dried under a stream ol

N,. This lipid fraction was lhen zansfered to a scinlifialion vial by
three washes of chiorolorm. The samples were again dried under
N, and 7 mL Instagel® scinliltation cocklail was added. Radioac-

_ tivily was counled in a FlackBela® model 1212 liquid scintillalion

counter.

Scanning Electron Microscopy

Metal coupons were removed and fixed for 30 minin 0.1 M
sodium cacodylate buffer, pH 7.4, containing 2% (viv) glutaralde-
hyde. The samples were then dehydrated hy exchanging the solu-
lion wilh increasing concentrations ol acelone (50, 75, 100 per-
cenl). The samples were critical-point dried and sputtercoalad with

MCgle-Parmer Co., Chicago, L.
Blpgckard Instruments Go., Meriden, GT.
8Kk 3 Wallag, Gaithersbuig, MD,
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goldipalladium. The samples were lhen analyzed using an
ETECY! autoscan scanning electron microscope.

Electrochemical Impedance Spectroscopy

A Solariron'® 1250 lrequency response analyzer and a Solar-
tron 1091 elecirochemical interface controlled by a Hewiell-
Packard series 300 computer were used lo generale signals and
analyze the magnilude and phase shilt of the resuiling currenls.
Sinusoidal potentials of 5 mV rms, ranging in frequency from &
mHz to 10 Hz, were appiled to the working electrode, The resuit-
Ing impedancas were plelled using the Nyquist formal, A single
depressed semiclrcle was obtained for most of the impedance
analyses. Therelare, estimates of solution resistance (R,), polar-
ization resistance (R,), and double-layer capacilance {Cy) could
be obtained.'*'s :

RESULTS

Bacterial Colonization of Carbon Steel

Bacteria colonized the sleel surface for four days prior to bio-
cide treatment. Loosely adhered corrosion products, dua to Jocal-
ized corrosion, farmed on the melal surfaces over this time. Figure
1{a) shows sevetal morphological lypes of bacleria as welt as de-
hydrated bacterial extracellular polymer assacialed wilh the corro-
sion products in the a nonlrealed metal sample. When the biolikn
and the corrosion products were removed lrom the melal surlace,
localized corrosion of the surface was observed {Figure 1{b}).

Effects of 2 ppm Biocide Treatments
on Numbers and Activities of Sessile Bacteria
After four days of biofilm growth, 2 ppm of residual chlorine
or a tolal of 2 ppm of residual chiorine/bromine {3:1), was main-
tained in flagks for two hours. Trealment was stopped for 22 h,
then continuad for two addilional hours. Figure 2 shows the CFUs
ol heterotrophic bacteria fer the two 2 ppm treatmenls. No signili-
canl decrease was observed in the chlaring- or the chiorine/bro-
miine-treated samples. The scalter in‘the dala is likely due lo sam-
pling variation, since the nonliealed conirol shows a slight
decrease in CFUs and he Yrealed samples show a slighl increase
alter the first 2 ppr trealment. In addilion lo the CFUs, no signifi-
canl decrease In lhe numbers of SAB or the lipid biesynthetic ac-
livity were observed for either lrealment compared to ke nonlrea-
ted controls. Approximately 10° suifale-reducersicm® were
observed afler the 2 ppm treatmenls and for the nonlreated con-
lrols. The lipld biosynihetic activily remained above 50 pmote "*C-
acetale Incorporationfem? for all samples. :
Figure 3 shows a scanning electron micragraph following lhe
final 2 ppm treatment with NaOCI. The micrograph shows similar
microbial biomass to that of he untreated conltrol. As wilh Ihe ua-
. trealed control, dehydrated extraceliular polymer could be seen in
assoclation wilh the biofiim.

" 16 ppm Biocide Treatment
Followed by 2 ppm Treatment ‘

Since the 2 ppm bioclde treatments showed no decrease in
bacterla! numbars ar metabolic aclivity, iarge biocide doses fol-
lowed by continuous low doses were evaluated. As with the previ-
ous experiments, the biofilm was allowed lo develop for lour days
prlor to treatment. The 16 ppm residuat biocide was injected into
the flasks for a contact time of two hours. Blocide was then contin-
ually pumped Into the vessels for 24 h, lo mainlain a 2 ppm resid-
uat biocide. In order to prevent dilution of the medium wilh the bio-
cide, and to prevent mixing of the NaBr wilh the NaOCI prior lo
addition lo the fHasks in the chlorine/romine experiments, 4 pps

VIETEC, Hayward, CA.
¥5glarizon Instrumentatlon Group, Sangamo Weslon Inc., Irvine, CA.

FIGURE 1. (a} Scanning electron micrograph showing a consoriium
of bacteria and their extraceliular polymer associated with the
corrosion products of a carbon stesl sample. Bar reprasenis 1 pm.
(b) Scanning electron micrograph of ihie surface of tha sample aller
the biofilm and corrosion producis wera removed. Bar represents 10
pm.
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FIGURE 2. Total CFUs of heleratrophic bacteria per cm®. Values
represent the mean of fwo CFU platings. Time zero is alter 4 days
of biofilm development: (O) no biocide treatment, {) 2 ppm NaOC!
treatmants, (A) 2 ppm NaOCHNaBr treatments.

FIGURE 3. Scanning electron micrograph showing the biofilm
associaled with the carban steel sampla after tha second trealment
of 2 ppm NaQCl! for 2 h. Bar represents 1" pm.

NaBr was added direcily 1o one medium reservoir. From the previ-
ous experiment, the biocide demand of the llasks was estimaled
to be 8 ppm. A stock solution containing 37 ppm NaQCI was pre-
pared. The slock solution was pumped into the treated fiasks at a
rate of 8.3 x 107* Umln lor the 24-h period. The level of blocide
was assayed every 30 minutes during the 16 ppm lreatment and
addilional biocide was Injectad when lhe level of Iree residual
chiorine or chlorine/bromine felf below 16 ppm. The level of bio-
cida was assayed flve times throughout the 24-h 2 ppm lrealmenl,
Additional bioclde was added when the residuai biocide lell below
2 ppm. The residual biocide fevel ranged from 0.5 ppm to 3.0 ppm
throughout,the remainder of the experiment. ’

Figure 4 shows Lhe effects of the 16 ppm followed by the 2
ppm freatments on the numbers and activities of lhe sulace asso-
cialed bacleria, The two-hour 16 ppim lreatment wilth NaQC! re-
sulted in a decrease in aerobic heterolrophs by two orders of mag-
nitude {Figure 4[aj). The NaOCI/NaBr treatment resuited in a
decrease in aerobic hetaroirophs by one order of magnilude. Con-
tinvous treatment with 2 ppm of eilher biocide resulled In approxi-
malely 10% cells/em? following 24-h irealment. The bacteria rapldly
increased lo lhe original numbers when the lreatment was discon-
linued.

After lour days of biofilm growth, 10° lo 10° sulfate-reducers/
cm? could be recovered from the surface (Figure 4[b)). The 6
ppm lrealment of either blocide reduced lhe fevel of suliale redue-
ers by three orders.of magnilude. The canlinuous 2 ppm lrealment
maintained the SRB leve! al 10% cellsicm?.

The lipid biogynthetic aclivily was reduced io the level of the
sterile controls lollowing trealment with 16 ppm of either biocide
(Figure 4[c]). This level was mainlained by the continuous treal-
ment wilh 2 ppm biocide. The aclivily rapidly rebounded following
cessalion ol the ireatment. Figure 5§ shows an eleclron micrograph
of lhe bicfilm following lreatment with NaOCI/NaBr. Few bacleria
were observed associaled will the corrosion products. Eleciron
ricrographs {ollowing the NaOCI treatment also showed few bac-
leria. '

Bulic Phase Effects

] The 16 ppm trealment with NaGCl reduced the number of
aerobic helerotrophs from approximalely 107 celis/mL to Jess than
1 ceil/mL. Treatment with NaOCINaBr reduced the number of
plankionic aerobic helerolrophs lo 107 cells/mi. Aller 26-h treat-
menl wilh 2 ppm ol eilher biocide, no bacleria could be cuilured
from.the solulion.

Effect of Treatments on the Corrosion Rates

The impedance, which is inversely proportional lo the corro-
sion rate, of the ©1020 carbon steel coupons was analyzed over
the course of the experiment by EIS. Figure 6 shows the imped-
ance in the form of the Nyquisl larmat for one sample prior 1o
ireatment with NaQCI {Figure 6{al}, aller 2-h Irealment with 16
ppm NaGCl (Figure 6{b]), and alter 24-h trealment wilh 2 ppm
trealed with NaQCl. The units {or the real and imaginary axes are
in ohms. The impedance analyses reveal a single depressed
semicircle from which (he polarizalion resistance could be deler-
mined. Figures G{a) thiggah 6{c) demonslirale thal the polarization
resislance of the carhon sleel decreased following treatment with
NaOC), indicaling an increase in lhe corrosion rate. A similar de-
crease in polarizalion resistance was observed lor the NaOCV
MNaBr trealment.

The inverse ol the polarizalion resislance, the admillance, is
summarized in Table 1. Initially, the admiltance was lwo- to lhree-
fold greater in the presence of the biofilm than in lhe slerile con-
Irol. The frealments wilh 18 ppm blocide followed by the conlinu-
ous trealment with 2 ppm biccide showed an Increase in the ad-
miltance in both the inccutaled flasks and lhe slerile conirols. The
admillance increased in the inoculaled flasks from 1.6 o 5.0
mhofcm? after the 16 ppm loilowed by the 2 ppm treatment with
biocides. The sterile samples incceased from 0.6 1o 2.5 mho/em®
alter the NaOCH treatment, and from 0.4 to 4.0 mhofcm? after the
NaOCYNaBr trealmert. The nontreated controls increased from
0.4 1o 0.5 mho/em? tor \he slerile samples, and 1.2 1o 1.6
mhofem?® in the biofilm conlaining samples. The lwo-hour 2 ppm
trealinenls with either biccide showed no effec! on the corrosion
rale of the melal, compared 1o the nonlrealed conirols.
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FIGURE 4. (a) Total CFUs of heterotrophic bacteria per cm?. Values
represent the mean of wo CEU platings. (b) Three-lube MPNs of
SRB per cm®. {c) Bacterial metabolic aclivity as measured by
40 acelale incorporation into lotal lipids, Values represent lhe
means of three samples. Time zero.is after 4 days of biofiim
development: (O)) no biccide treatment, (3): 16 ppm foliowed by 2
ppm NaOC! trealment, (A) 2-h 16 ppm followed by 2 ppm
NaQCl/NaBr treatment. '

DISCUSSION

Test Systemn

In this sludy, a lesl system was developed lo study microbial
fouling and microbial influenced corrosion simullaneously over
ume. This syslem was used io examine the efficacy of certain
counlermeasures, Parameters that appear to be imporiant in mi-
crobial influenced corrosion ngizde microbial biomass, including
nurmbars of sullate-reducing bacleria, and microbial melabolic
activily.” Therelors, lha syslem was developed lo examine lhese
parameters over time. In addition, electrochemical impedance
spectroscopy was tsed lo examine corrosion rales over lime,
since 1his technique does nok appear to aller the progression ol
corroslon,'®

FIGURE 5. Scanning electron micrograph of biofilm on carbon slesl
coupon alter trealment with 16 gpm NaQOCHNaBr for 2 h and 2 ppm
NaOCUNafr for 24 h. Few rod-shaped bactedial cells were seen.
Bar represems T pm. .

Flowing media were used in these experimehts. Flowing sys-
lems have several advanlages over balch culture conditions. First,
flowing systems with low nutrientinpul are more characteristic of
environmenlal condilions than are balch culture systems. Second,
Ihe influence of environmental factors, such as nulrient limitation
and baclerial end-product accumulalion, become less signilicant in
llowing syslems than in balch cullure systems. For example, Fig-
ures 2 and 4 show lillle change in the number of viable bacteria
over lime in (ke unlrealed conbrol. Under balch cuilure condillons,
Ihe cell numbers would likely docline as nutrients became limlling
and as loxic bacterial end praducts accumulaled. Third, the flow-
ing system ailows lhe dilution of corrosion products, which can
allect lhe corrosion rales.

Sulfate-Reducing Bacteria in an Aerobic System

Suifate-reducing bacleria are ollen found associated with aer-
obic bacteria within biofilms, Suitate-reducing bacteria in biofilms
enhance the corrosion rale of carbon sleel, compared to biofilms
willout sullate reducers.” Therelore, in addition 1o tolal aerobic
bacteria, the numbers of SAB are also delermined in these experi-
menls. As many as 10° SAB/cm? were (ound in these bioliims,
gven though e butk solution was aerobic. These resuils indicated
thal the SRBs were able lo inhabil and reproduce in anaercbic
environments wilhin biolilms in aerobic systems.

The number of SRBs Increased loflowing cessalion of the 16
ppm foliowed by the 2 ppm biccide ireatments. No SABs ¢ould be
cultured from the bulk fuid aller the 26-h trealmenls. However,
sossile SPRBs survivad lo recolonize the melal surface ailer cessa-
tion of the lreatment. These resulls indicated that sessile SRBs
may be able lo survive exposure lo oxygen and halogen biccides

“lor at least 26 h.
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FIGURE 6. EiS analysls of carbon steel electrode in the Nyquisi
formal. The units for the real and imaginary axes are ohms: (aj €IS
of the sampla after biofilm was allowed to form for 4 days. (b) EIS
after exposure of the same sample fo 16 ppm for 2 h. (c) EIS of the
sample after additional exposure of the sample to 2 ppm for 24 fi.

TABLE A
Carbon Steel Admittance for Samples
Treated with 2-h 16 ppm Biocides
Followed by 24-h 2 ppm Biocides

Polarizatlon Reslstance™ {mha/cm?)
After2h Alter24 h

Treatment Pretreatment
16 ppm 2 ppm

Slerile ne biccide 0. 0.4 0.5
inceulaled no biccide 1.2 1.2 1.6
Slerile NaQCi 0.6 0.7 ) 2.5
Inoculated NaOCI 1.7 2.0 ad.0
Sierile NaOCI/NaBr Q. 0.4 4.0
inoculated NaOCI/NaBr 1.6 0.9 5.0

Wpolarization eslslance values were obtained by electrochemical
impedance speclioscopy.

Bacterial Metabolic Aclivity

The melabolic activities of bacterla are imposlani componenls
in MIC. In addilion to the hydrogenase and suifate-reduction activi-
lies of 5ABs, other baclerial melabolic activilies have been impli-
cated in MIC. These aclivities have Included iron reduction,'” acid
prqduclion,‘” difierential oxygen ulilization, and exopalymer
production.’® Bacleria capable of each of these aclivilies were
used in lhis study. Baclerial metabolic aclivily was measured as
lipid biosynlhelic aclivity. Lipid synthesis occurs In all living cells,
and acelate is used as a precursor of lipld synihesis. Therefore,
"“C-acetale incorporation inlo Jipids has been used in a number of
sludies lo analyze baclerial activilfes in complex ecasystems.”® In

- This sludy, the elfects of biocide freatments.on the lipid synihelic

aclivity of a sesslal baclerial consoriium were demonsirated. The
resulls indicated that the two-hour 2 ppm treatments had litlle ei-
fect on the consorlial lipid synthetic aclivity. The two-hour 16 ppm
treatment was effeclive at inhibiting melabotic activity, and conlinu-
ous 2 ppm treatment was effective al maintaining the inhibition.
Thiese resulls suggaest that a continuous low desé of bioclds is ef-
fective at inhibiting the membrane synthesis and recovery. of cells
previously lrealed wilh high doses of biocides.

Electrochemical Impedance Spectroscopy _
Eleclrochemical impedance speclroscopy (EIS) was vsed In
lhese sludies because it has several advaniages over direct cur-
rent techniques.. First, EIS enables the evaiualion of corrosion
rales over lime, before and after 1he biocide lrealments. EIS re-
quires application of 5 mV sinusoidal potentials, which ara less

. destructive o the bacleria and 1o the metal samples than are Talel

polarizations.'® In addilion, EIS can be used o distingulsh solution

resistances from the polarizalion resistances. This was advanta-

geous in this system, since the iwo resistances were similar. Thus,
direct current measuraments may have led to an underestimation
ol the corrosion rales. o ’

Evaluation ol the admillance for the two-hour 2 ppm lreal-
ments showed lillle effect of the biocides on the polarization resis-
tances. Since the biofilm was not allected by lhese treatments, the
lack of change in the admillance was probably due lo the Jack of
penetration of the biocide through the biofilm. The NaOCI and lhe
NaQCI/NaBr 16 ppm lreatments followed by the 2 ppm trealmenis
showed an increase in lhe corosion rates of bolh the sterile and
the inoculaled. systems. These resulls indicaled thal halogenaled
biocides ware corrosiva toward the carbon steel.
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Biocide Treatments

In industrial plants where lake or river waler is fransported
through pipes, 2 ppm biocide lreatments for one lo twa hours are
often used ta buik water.? Sludies have shown that hypochlorous
acid at 2 ppm residual is effective at reducing planklonic kacleria,
but sessial bacteria can be resistant to this concentration of
hlocldes.* The results presented here demonsirale that the 2 ppm
treatment of hypachlorile In a pH 8.5 medium was ineflective at
Inhibiting sessial bacleria. in addiion, the chlorine/bromine treal-
mient was also Inelfective, even though the pKa of hypobromous
acld [s higher than that of hypochlorous acid, and thus shotdd be
mora effective at altkaline pH.

The 16 ppm followed by the 2 ppm treaiments was elffeciive
al reducing the number of bacteria and inhibiling the melabolic

activity of the bacleria. However, the trealmenis jesulled In an in-

crease In the corrosion rates of the carbon sleel, as measured by
E1S. Ventura et al.’ demonstrated lhe effecls of hypochlorile on
stainless steel corrosion in flowing seawater, Their resuils indi-
cated that hypochlerite treatment increased lhe shorl-lerm propen-
sity for pilting of stainless sleel, but decreased the long-term cor-
roslon rates. The resulls of this sludy indicated an increase in the
short-term corrosion rates of carbon sleel by the addiiion. of high
doses of biocldes.
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