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Abstract:

The disinfection efficacy of monochloramine on mono- and binary population biofilms of P.
aeruginosa and K. pneumoniae was investigated. Biofilms grown in continuous flow annular reactors
on stainless steel surfaces were treated with a pulse/step delivery of 4 mg/I monochloramine for 2
hours. Biofilm samples were disaggregated and assayed for colony forming units by plating on R2A
agar and for total cell numbers by acridine orange direct counts. The decrease in plate count numbers
indicated the overall decay, the decrease in total cell number indicated the overall removal. The overall
decay rate depended strongly on the initial biofilm areal cell density. The decay rate followed a
parabolic trend with respect to initial biofilm areal cell density. Decay was fastest at around 1012
cfu/m2 and lower at all other cell densities. Disinfection predominated over detachment in almost all
experiments. No evidence of species interactions was found. Decay rates of the individual species were
comparable in mono- and binary population biofilms. The addition of abiotic particles (kaolin and
calcium carbonate) reduced the efficacy of monochloramine.

Different measures of biofilm activity were compared to assess the efficacy of monochloramine on
binary population biofilms of P. aeruginosa and K. pneumoniae. Active microbial numbers measured
by colony forming units on R2A or MT7 agar media declined by approximately 3 orders of magnitude.
Integrated measures of biofilm respiratory activity, including the oxygen flux determined from
microelectrode measured oxygen concentration profiles and the overall glucose consumption rate
calculated by material balance declined by only 10 to 15%. The total number of bacteria remaining in
the biofilm, as measured by acridine orange direct counts declined by 29% in the same interval. These
data suggest that respiratory activity and plate count data yield widely differing estimates of biocide
efficacy.
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ABSTRACT

The dlsmfectlon efflcacy of monochloramine on mono- and binary population
biofilms of P. aeruginosa and K. pneumoniae was investigated. Biofilms
grown in continuous flow annular reactors on stainless steel surfaces were
treated with a pulse/step delivery of 4 mg/l monochloramine for 2 hours.
Biofilm samples were disaggregated and assayed for colony forming units by
plating on R2A agar and for total cell numbers by acridine orange direct
counts. The decrease in plate count numbers indicated the overall decay, the
decrease in total cell number indicated the overall removal. The overall decay
rate depended strongly on the initial biofilm areal cell density. The decay rate
followed a parabolic trend with respect to initial biofilm areal cell density.
Decay was fastest at around 10'? cfu/m? and lower at all other cell
densities. Disinfection predominated over detachment in almost all
experiments. No evidence of species interactions was found. Decay rates of
the individual species were comparable in mono- and binary population
biofilms. The addition of abiotic particles (kaolin and calcium carbonate)
reduced the efficacy of monochloramine.

Different measures of biofilm activity were compared to assess the
efficacy of monochloramine on binary population biofilms of P. aeruginosa
and K. pneumnoniae. Active microbial numbers measured by colony forming
units on R2A or MT7 agar media declined by approximately 3 orders of
magnitude. Integrated measures of biofilm respiratory activity, including the
oxygen flux-determined from microelectrode measured oxygen concentration
profiles and the overall glucose consumption rate calculated by material
balance declined by only 10 to 15%. The total number of bacteria remaining
in the biofilm, as measured by acridine orange direct counts declined by

29% in the same interval. These data suggest that respiratory activity and
‘plate count data yield widely differing estimates of biocide efficacy.
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INTRODUCTION

Statement of the problem

A‘biofilm is a sur\face accumulation of microbial cells and organic polymers
of microbial origin that may also contain iﬁorganic pérticles or precipitates.
Biofilm formation can be both beneficial énd detrirﬁental in industrial systems
(Characklis et al (1990), Sandohim et al {1992)). One of the harmful effects
of biofilm formation in industrial systems is reduction in mass, momentum
‘and heat transfer capacity, which leads td increased broduétion and
maintehance costs. This phenomenon is commonly termed biofouling.

Many methods are used t9 alleviéte biofouling. Mechanical éleaning of
. pipelines, antifouling coatings and chemical agents commonly known as
biocides are the most common treatment procedures. Sometimes a
combination of these procedures is used. Chemical additives have the
advantage qf inactivating microbial cells in addition to removing the biofilm.
The effectiveness of chemical control is limited by the fact that bacteria in
biofilms are often much more resistant fhan planktonic organisms to the
wide range of biocides that are commonly used. Oxidizing biocides such as
chlorine and monochloramine are typically used in industrial systems,
becausé of their strong reactive capacities.

Antimicrobial agents added to a system to control biofouling are
affected by various biofilm parameters. The diversity of the ~biofilm with

respect to species composition, biotic and abiotic particle content and total
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biomass significantly impacté disinfection efficacy. Most of the academic.
research don.e so far has been in relation to either mono population
(Wende (1991), Chen et al (1993)) or undef_ined mixed populat'ion biofilms
(LeChavellier et al (1990)). Monopobulationz_ biofilms may be useful for
addressing fundameﬁtal mechanisms, but they lack real wor'ld relevance and
overlook possible sbécies interactions. Undetermined mixed population
biofilms are difficult to characterize in the detail required to address
fundamental issu‘e;. This thesi.s. project moves a step forward by'
investigatrin_g disin.fectant efficacy in defined binary population biofélms.

There are various methods available to measure bioéide efficacy, eéch
with limitations and advantagés. Plate count measurements have
traditionally been used to determine kill efficiency. As part. of this thesis,
alternative measures of biofilm activity during disinfection were evaluated
and compared.

Goal and Obiectivg

The long term goal of the research project of which this thesis constitutes a
part is to understand the mechanisms that reduce the efficacy of anti-
microbial agents used to disinfect and rémove biofilms. An overall‘
experimental objective of the thesis is to extend research methods for
analyzing biocide action against monopopulatic;n biofilms to defined binary

population bidfilms. Specific objectives of the thesis_ research include




ii)

iii)

3
Comparison of biocide action on mono and binary population
biofilms.
Comparison of culturability and respirafory activity during disinfection.

Identification of biofilm parameters affecting disinfectant efficacy.
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LITERATURE REVIEW
Biofouling
Almost every surface in contact with non-sterile water can harbor a biofilm.
The biofilms can influence various industrial processes either in a beneficial
or deleterious way. Biofbuling is th.e undesirable formation of
microorganisms on surfaces in aésociation with inorganic~and'organic
materials. The harmful effects of biofourli‘ng include decreased water quality
due to contamination, corrosion or deterioration of the substratum,
decreased _prodﬁct quality, loss in‘plant performance, increased cleaning
expenses and down time, and security and health br‘o_blems for both
personnel and the environment (Flemmirjg H.C (1991)).
Table 1 summarfzes the various methods adopfed to control biofouling

in industry.

Table 1 _Common control methods (Characklis and Marshall (1990))

Fundamental process Control method

 Water phase transport Filtration

Water-substratum interaction - Biodispersants
Transformation in the deposit Biocides, biocidal coatings
Detachment Biocides, mechanicél-methods

Antimicrobial agents are the most common control method used, because
théy kill cells in addition to.remdving biomass. Table 2 shows some

commonly used biocides, with their advantages and limitations.

1
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Table 2 Common biocides used in industrial svstems

(Sandholm et al (1992))

Poor stability, corrosive,

Toxic byproducts, safety

span, reacts with organic

Biocide Advantages Disadvantages
Chlorine Destroys biofilm matrix, Toxic by products,
residual effect corrosive, lower
penetration
Hypochlorite Cheap, effective,
promotes detachment toxic byproducts
Clo, Effective at low
concentrations. problems.
Chloramine ‘Good penetration, Resistance observed,
higher residual effect, less active against
less toxic byproducts planktonic bacteria
Bromine Effective against a Toxic byproducts
broad microbial spectrum
Ozone Weakens biofilm matrix Corrosive, shorter life
: decomposes to oxygen,
no residues to form epoxides
H,0, Supports detachment and Corrosive; higher

Peracetic acid

Formaldehyde

Glutaraldehyde

Isothiazolones

Quaternary
ammonium
compounds
{QUACs)

removal, non toxic

Penetrates biofilm,
kills spores, no toxic
byproducts

Easy application,
stability, broad
antimicrobial spectrum

Cheap, noncorrosive,
effective in low
concentrations, cheap

Effective in low

concentrations, broad
antibiotic spectrum

Effective in low

concentrations, supports

detachment, non toxic,
prevents biofilm growth

concentrations needed
Corrosive, unstable

Toxic, legal restrictions,
carcinogenic, fixes
biofilm

Does not penetrate

biofilms, degrades

to formic acid
Compatibility problems,

inactivation by primary
amines, expensive

Inactivation at low pH




6
Oxidizing biocides

This class of biocides is more effective because of their high reactivity.
Halogens such as chlorine, bromine and related compounds are widely'used
in industry. Chlorine is a very effective'biécide that inactivates pathogenic
bacteria, vfruses and other microorganisms which are a bane in the water
industry. One of the major problems of chlorination is the formation of
trihalomethanes (THM), which are toxic environmental pollutants
(Wa;cer Chlorination (1984)). Combinéd chlorine, the main product of
reaction of chlorine with amines, plays an important role in both water and
waste water disinfection.
Monoéhloramine

Hypochlorous acid (HOCI) reacts rapidly with ammonia to form
monochloramine (NH,Cl), dichloramine (NHCI,), or nitrogen trichloride (NCIl,).
Usually monochloramine is the only chloramine present when pH values are
- greater than 8.0 and whén the molar ratios of hypochlorous acid to ‘ammonia
are less than or equal to 1.0. Monochloramine is a colorless, water soluble
liquid, with a freezing point of -66°C. It is an oxidizing agent ‘(Water
Chlorination (1984)). |

The biofouling proBIem has historically been controlled using free
. chlorine, though monochloramine may be more effective for disinfeciionhof
biofilm cells {(Griebe et al (1993)). Free chlorine is clearly more effective

against planktonic cells. The lower disinfection efficacy of chlorine applied to
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biofilms may be due to the significant demand of the biofilm cells for the
highly reactive free halogen. Monochioramine was'not reactive to system '
corhponents hsed while free chlorine (Griebe et al (1993)) exhibitéd a
relatively high system demand. LeChevallier et al (1988) also observed the'
same effect when investigatihg K. pneumoniae biofilms. The—authors discuss
the possibility that the increased efficacy of mbnochloramine may be
explained by better penetration of bacterial biofilrﬁs. Jacangelo et al (Water
Chlorination (1984)) reported that monochloramine reacted rathef
specifically with nucleic acids, tryptophane, and sulfur containing amino
acids. They observed that monochloramine did not react with EPS. Free
chlorine is known to react with a wide variety of compounds. Invesﬁgations
by other groups also reveal that NH,ClI is very effective againstxwaste stream
bacteria (Wéter Chlorination (1984)). Monochloramine appears to be in

- competition with free chlorine as a biofilm disinfectant. It alsc has the
advantage of forming fewer hazardous by- products.

'Conversion of NH,CI to N-chloroorga'nic comppunds, an extremely
slow reaction, is undesirable within a treatment facility because the latter
compounds have weak bactericidal properties. Because monochloramine
contains reduced nitrogen, it can be a nutrient source for hitrify.ing bacteria.

Both reactions can reduce the efficacy of monochloramine as a disinfectant.
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Microorg anisms.

K. pkeumoniae and P. aeruginosa were used as test organisms used to study
the efficacy of monochloramine against biofilms. Some relevant
characteristics of these two species are shown in Table 3_. Pseudomonads
are a major group of aerobic, motile gram negafcive rods with polar flagellae,
that grow at temperatures up to 43°C. P, aerugindsa infections are also
common in pétients receiving treatment for severe burns. It is an
opportunistic pathogen that causes urinary infections and is the primary
infectious.agent in patients with cystic fibrpéis..Pseudomonads are also
widely found in cool!ng \/vater, industrial food processing, and drinking water
systems.

K/ebsie//a pneumoniae, oragnism in the coliform groﬁp is found in the
" intestines of warm blooded animals. Coliforms are used.to evaluate bacterial
contamina;cion~~of water, as their presence indicates possible fecal
contamination of water.
Microbial interactions
Biofilm microbial communities are very diverse (LeChavellier et al (1990),
- Characklis a_nd Marshall (1290)). Heterotrophic bacteria are widely presen'g
since they‘utilize dissolved carbon' as their major energy source. Each biofilm
present in industry has a different consortium which reflecté sourcCe of
water, nutrients, temperature and other factors (Sandholm et al (1992).). The

processes that occur in a biofilm are complex and to determine the effect of
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all these species on each other is almost an impossible task (Characklis and

Marshall (1 990)).

Table 3: Characteristics of P. aeruginosa and K. pneumoniae -

(Siebel et al (1991)

K. pneumoniae

P. aeruginosa

Shape

Breadth (zm)
Length (um)
EPS composition

Motility

Respiration

Gram stain

Optimal temperature
Optimal pH

Ilmax (hr-1)

rod shaped
0.3-15
0.6 - 6.0

glucose, fucose,
glucuronic and pyruvic acid
nonmotile

facultative anaerobic
negative

35 - 37°C

7.2

2.0

rod shaped
0.5-0.8
1.5-4.0

mannuronic and
guluronic- acid
polar flagellum
obligate aerobe
negative

35 - 37°C

6.8

0.4

Microbial interactions have been investigated in chemostats (Bailey

and Ollis (1986)), which under certain conditions allow microorganisms to

coexist. One such study (Bailey and Ollis (1986)) revealed an unstable

system, where the species distribution varied according to pH and other

envfronmental changes. Siebel et al (1991) have compared the growth and
other related processes between mono and binary population biofilms of

P. ‘aerug/"nosa and K. pne’umoniae. Although the two organisrﬁs combete for
the sarﬁe substrate and have different growth rates, they coexist in a /»
biofilm. They also concluded that t_he’re seems to be no apparent interaction

between the two species.
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Most of the available literature cites the effect of antimicrobial agents
on single species (Anwar et al (1_992), Chen et al (1993), Wende (1991)) or
undefined multi- species biofilm (LeChavellier et al (1990)). These studies do
not reflect the effect of possible species interactions and composmon They
do confirm the relative resistance of biofilms to disinfection in an array of
systems. ' .

Measures of biofilm activity .
The efficacy of antimicrobial agents has traditionally been evaluated by
colony formation on agar plates. This approach ‘has severe limitations, since
bacterial growth on a particular media is influenced by medium composition
(Roszak et al (1987)), injury (McFeters (1990)) and dormancy (Kaperlyénts
et al (1993)). The recovery or regrowth (Chen et al (1993), Wende (1991))
phenomenon commonly seen in biofilm could bé attributed to the
overestimation of biocide efficacy by the plate count method. The direct
viable count measurement (Yu et al (1993)) is a gpod technique to assess
cell viability, but different organisms exhibit different respor.lses to nalidixic
acid and therefore the technique is unreliable for a mixed population biofilm .
Some other methods used to measure biocide efficacy include
_bioluminescence (Walker et al (1992)), an impedimetric method (Dhaliwal et
al (1992)), in situ microscopic method (Yu et al (1993)), and physiological
probes (Rodrigruez et al (1992)). Respiratory indicators such as glucose and

oxygen uptake rates could be used to measure biocide efficacy. However,
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very little effort has been made to compare various assays of physiological
activity to evaluate the performance of antimicrobial agents. -

Factors affecting biocide efficacy
Various factors affect bactericidal action against microorganisms. The
attached state of the organism may provide a physicai and chemical barrier
to biocide penetration (J.W Costerton et al (1987), Tashiro et al (1991)).
Environmental parameters such as temperature and pH of the system
(Cameron et al (1989)), the substratum on which the organism grows (Chen
et al (1993), LAeChaveIIier et al (1988)), and the presence of barticles ina |
biofilm can have a significant effect (Whitman et al (1993)). The age of
biofilms (Anwar et.al (1992)) ahd the growth status of the bacteria are also
thought to be important. AI! these studies indicate that the mechanism of
biocide action cannot be depicted in simple terms. Rather they sugggst a

complex process and muiltiple factors affecting disinfection efficacy.
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EXPERIMENTAL SYSTEM & METHODS

Rotating Annular Reactor

An annular reector consisting of two concentric cylinders, a rotating inner
cylinder and a stationary outer cyI‘inder, was used in all exberirnents. The
reactor was fabricated from b_olycarbonate. Twelve rernovable slides formed
_an integral part of the inside wall of the outer cylinder and permitted
sampling of biofilms growing on them. The inner cylinder has four draft
tubes drilled at an angle along the axis so t.hat the centripetal aeceleration
eaused by rotation forces Iieuid up through fche angled tubes and promotes
vertical mixing. The reactor approximates a cornpletely mixed stirred tank
reactor, so the effluent liquid samples represent the_reactor bulk liquid
- composition. The reactor has a high snrface area to volume ratio. The inner
surface area upon which biofilm can grow is approximately 0.19 m?, and the
Iiduid volume is approximately 6.5:x 10* m3. (
The outer cylineer experiences a uniform shear stress since the
annular gap is constant over the height of the reactor. Because shear stress
is uniform and the reactor is well mi>_<ed, it is assumed that the biofilm from.
any of the twelve slides is a representative sample. The shear stress is
dependent on the rotatienal speed of the inner cylinder, but is independent
of the fluid flow rate. The rotational speed was 150 rpm in all experiments,
corresponding to a uniform shear stress of approximately 1.4 N/m? (Chen et

al (1993))'. The residence time was 17 mins at a flow rate of 32 mL/min.
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Nutrient Media and Start up

Stainless steel slides (316L) were immersed in a solution containing acetone
and cleaned later with ethanol before aligning them in the reactor. The
reactor and all the system components were autoclaved at 121°C for 25
mins. The composition of the nutrient media is tabulated in Table 4. The
composition shown is the finall co,hcentration that enters the reactor, after
dilution. The medium was continuo'usly formdlated by mixing nutrients (1
mL/min), buffer (1 mL/min) and dilution water (30 mL/min) solutions. .
Nutrient and buffer solutions were autoclaved before ‘cc)nnecting them to the
system through silicone tubing (Masterflex 6411-14 and 6411-16). Glucose'
was added to the nutrient solution after filter sterilization through 0.2 ym -’
Gelman Sciences filfer (Chen et al (1993)). Dilution water was similarly
passed through two Gelman Sciences filters (0.2 ym). The reactor was
continuously fed using peristaltic pumps (Masterflex 7553-30, Cole-Parmer).
During disinfection studies the buffer solution was replaced by ‘biolcide‘ that
was prepared in a phosphate buffer solution. The temperature of the system
was maintained ‘at 25 + 0.5°C. The 'system was set up as shown in
Figure 1. Flow was started and the reactor was ready for inoculafion.

To inoculate, the reactor was filled with medium, then flow was
stopped. To obtain a binary 'populatlion biofilm, one mL each of frozen stock

cultures of P. aeruginosa and K. pneumoniae (108 cells/mL) were dosed into
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Figure I Schematic representation of the annular reactor system.
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. the reactor. For the developm_ent of puré culture biofilms of K. pneumoniae
or P. aeruginosa, the inoculum consisted of the respective single culture.
The cells were allowed to grow and attach in batch mode for about
24 hrs. The inner drum was rotating throughout thi_s incubation period. The
influent flows to the reactor were then started. The high dilution rate in the
reactor quickly washed out unattached cells. Two reactors were started
simultaneously. _

Samgling of theﬁ Reactor
The reactor effluent was sampled daily to check for contamination and to
monitor growth. The reactor was allowed to run for about 6 to 14 days
before the addition of the biocide. Biofilm and bulk fluid were sambled during
the disiﬁfection process.
Biocide addition and sampling
Mono'c,hlorémine at 4 mg/L was dosed into the reactor by a combined pulse
and step procedure. In experiments in which the biofilm was sampled,
monochldoramine was supplied-con'_cinuously for a period of two hours. In
expei'iments in which the bulk fluid was sampled,. monochloramine was
supplied fof a period of one hour. A pbrtion of the sample obtained during
bulk fluid sampling was used to determine moﬁochloramine concentration
usiﬁg a test kit (Hach).

| Biofilm sampling

Biofilm slides from the reactor were removed periodically to analyze the
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Table 4 Composition of the nutrient media

Substance Concentration
Glucose (CgH,,04) 20 mg/L
Potassium Nitrate (KNO,) 13.6 mg/L
Magnesium Sulphate (IVI_g-SO4.7H20) 1-.01 mg/L
Ammonium Molybdate ((NH,)6Mo,0,,.4H,0) 1.4 mg/L
Zinc Sulphate (ZnS0,.7H,0) 142 ug/L
Manganese sulphate (MnSO,.7H,0) 1 1.4 ug/L
Copper Sulphate (CuS0,.5H,0) 2.8 ug/L
Sodium Borate (Na,B,0,.10H,0) 1.4 ug/L
Ferrous Sulphate (FeS0,.7H,0) 159 ug/L

|| Nitrilo acetic acid ((HOCbCHz)sN) 200 ug/L

|l calcium carbonate (caco,) 1.0 ug/L
Cobalt Nitrate (CO(NO,),. H,0) 2.3 ug/L
Potassium Phosphate (K,HPO,) 205 mg/L
Sodium Phosphate (NaHPO,) 426 mg/L
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biofilms during‘ treatment. They were scraped using a cell
sc.rapef into 150 th of phosphate buffer solution which also contained
0.01% sodium thiosulfate as a neutralizer. The solution'wa's then
homogenized for 3 mins using a t‘issﬁe homogenizer (Tekmar). Aliguots were
takeh to obtain plate counts on.BZA agar, total cells by acridine orange
'direct count (ACDC), and total orga.nic carbon (TOC).

Bulk fluid sampling

The effluent of the reactor was monitored during biocide treatment. Around
60 mL of the effluent was collected in a sterilized beaker containing 0.61 %
é;od’i‘um thiosulfate. 20 mL of the sample was céntrifugéd to obtain glucose
and soluble organic carbon concentrations. The remaining 40 mL of sample
was horﬁogenized, and aliquots were taken to obtain plate counts, total cell
counts, and TOC.
. Abiotic particle study

Kaolin and calcium carbonate were added to biofilms in two experiments to
asséss their impact on efficacy of the biocide. In the first experiment, |
1.0 g/L of each material was added to a week-old biofilm fdr 1 hour. Biocide
-was added after the particles were washed out in the bulk fluid for about
oné hour. Biofilm slides were pe_riodically removed to obtain plate count
data. In the séc.ond experiment particles were added contiqqously during
biofilm development. 50 mg/L each of CaCO, and kaolin were fed into the

reactor along with the medium. The disinfection study was conducted on a

-




18 '

week-old biofilm. Biofilm slfdes wére.removed periodically to obtain blate
count .data.

Flow Cell
The apparatus used for the heasurement of oxygen concentration profiles in
the biofilm during monochlbramine treatment is illustrated in Figure 2. The .
flow cell had dimensions of 2 x 2.5 x 20 cm and was made of oveﬁ heated
polycarbonate so that it could be aﬁtc;dlaved . The system was thoroughly
cleaned and purged with sterilized medium before the start of the
expériment. The effluent of the annular reactor was connected. to the flow
cell influent. The recycle ratio in fhe flc;w cell was very high thus enabling
the system to be tréated as a CSTR. The residence time in the reactor was 3
minutes, which is short enough to neglect the effect of cells in the bulk
phase. The microelectrode used for the experiment was calibrated_by
equilibrating with N,, air, and pure O, prior to use. The electrode did not
exhibit any demand for NH,Cl nor did NH,ClI interfere with oxygen
measurement. A week old biofilm slide from the reactor was immersed into
the flow ceil. The measurements were taken after a steady state fluid flow
and bulk oxygen concentration were attained. The steady state flow
" conditions could be theoretically achieved if the .fluid is passed

through the reactor at least 3 residence times. -
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Buffer
Media
Biocide
Annular reactor
Electrode
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d06384re
Figure 2 Schematic representation of flow cell arrangement used to

measure oxygen profiles in the biofilm during monochloramine treatment.
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Analytical Methods
Plate counting

Culturable cells were determined by serial dilution and plating. The tubes
used for serial dilution were cleaned and autoclaved for 30 mins. Thé tubes
were filled with 9 ‘ml'of sterile buffer solution, which consisted of phosphate
buffer and 0.01% of sodium thiosulfate as a neutralizer for monochloramine.
The agér media used for plate counting was R2A (Difco) agar. Plates were
poured 4 to 5 _déys prior to usage,.then screened for contamination before
use.

The homogenized solution was diluted using serial dilution tubes and
spread plated on R2A plates in triplicate for each dilution. The plates were
incubated at 35°C for 24 hrs before enumerating the colony forming units.
Total cell count
The part of the sample obtained for total cell counts was fixed with 2%
formaldehyde. The cells were double stained with acridine orange (AO) and
4’-6-diamidino-2-phenylindol (DAPI) and then examined as follows.

A polycarbohate membrane (Nucleopore) with a pore size of 0.2 um
and a diameter of 25 mm was placed on a cell-free glass filter apparatus
(Millipore). 1 mL of the sample" was slowly dropped on the filter membrane
with the suction off, the solution was stained with 0.5 mL of DAPI solu‘;ion

(5 pg/L) for 10 mins, then counter stained with AO (5 ug/L) for 2-3 minutes.

The solution on the membrane was next filtered using a vacuum pump. The
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membrane was washed with 2-3 mL of filtered PBS and watér to remove
excess stains. The polycarbonate membrane was removed and placed on the
microscope slide using a drop of FF immersion oil. The membrane was
covered with a cover slip. The sample was sealed with ordinary clear nail
polish, and the slides could be stored without any loss of fluorescence for up
to 6 months. Total cells were enumerated microscopically (Olympus BH2).
At least 20 fields were examined to obtain the average areal distri-bution of
cells on the membrane.

T0C

Glass vials used for collecting samples for organic carbon analysis were
preheated in a muffle oven at 500°C to eliminate any contaminants and
organics. Once collected, samples were acidified to pH 2.0 with 10%
phbsphoric acid, then stripped with O, to remove CO,. Samples were then
analyzed using a Dohrman DC-90 Carbon Analyzer in accordance with
operating instructions. Samples were analyzed in triplicate (0.2 mL
injection).

SOC

Twenty mL of the sample obtained during bulk fluid disinfection was
centrifuged in a Sorvall RC-5C automatic super speed refrigerated centrifuge
at 20,000 rpm for 20 mins. The supernatan;c (5-6 mL) Was taken as a
sample for TOC analysis, which in turn gave thﬁ amount of soluble organic

carbon (SOC) present. The sample was refrigerated at 4°C until analyzed.
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Glucose

The supernatant (7-8 mL) of the remaining centrifuged solution was used for
glucose analysis. Glucose concentration was determined using a
commercially available test kit (Sigma Diagno)stics). The preparation of the
glucose standard solution and the method used to obtain glucose
concentrations were in accordance with instructions.

Monochloramine

Mono‘chloramine was the biocide uéed in all the experiments. The
preparatioﬁ procedure involved maintaining a 3:1 molar ratio of ammbnia to.
free chlorine (Chen et al (1993)). The formulation is dﬁsbribed below.

. Five mL 6f 5.25 % HOCI (Clorox) was dissolved in 500 mL of distilled
water to obtain 0.01 N of free chlorine. 0.788 gms of ammonium éhloride
was dissolved in 500 hL of distilled wéter. This gave '.a concentration of
0.03 N which is three times higher than the HOCI solution. The pH of the
ammonium chloride solution Was‘ adjusted to 9.0 and the hypochlorite
solution was gently added with continuous stirr'ing; pH was maintained .
at 9.0. The reaction was allowed to go ;[o completion by mixing the
solutions for about- 30-45 mins. The final concentration of monochloramine
was approximately 260 mg/L. This was yeriﬁéd using_a Hach test kit for _
determination of free and total chlorine in a splution. Monochloramine is the
only form of combined chlorine present around pH Q.Qi(Water Chlorination

(1984)), therefore the total chiorine concentrati@n reflects the amount of.
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reflects the amount of monochloramine present.

The Hach test kit for determination of free and total chlorine
concentrations was used in all the experiments. 5 mL of sample solution
was taken in a test tube as blank. Another 5 mL was taken in second test
tube, to which the reagent pill was added. The reactior; was instantaneous
and the color chapge (gauged by eye) indicated directly the concentration of
monochloramine. | | |
Oxygen microelectrode

The dissolved oxygen (DO) microelectrode as shown in Figu're 2 was made
up of a 0.1 mm high purity (99.99%) platinum wire etched electrochemically
(with one end in KCN) to a tip diameter of about 2 ym. The wire was rinsed

with concentrated HCI and ethanol and covered with soda-lime glass. The tip

- of the platinum wire was exposed by grinding on a rotating diamond wheel.

The exposed platinum tip was subsequently etched in KCN to yield a recess
of about 10 ym. Half of this recess Was filled with gold by electrochemical
plating. The operation was performed under a microscope with a mounted
TV camera and observed on a video screén. The tip of the electrode wés
covered with a thin layer of polymer (TePeX) to selive as the oxygen
permeable membrane. The measuring setup consisted of a picoammeter and
a polarizing voltége source. The microelectrode was cathodically polarized to
800 mV, against a silyer/silver chloride reference electrode. The current in

the circuit, in the range of picoamperes, is proportional to the concentration i
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of dissolved oxygen. The e[ectrode was calibrated in water equilibrated with
N,, air, and pure O,. The current is tYpically 10-30 pA for N, énd 70-400 pA'
“for air. Before the measurement the microelectrode was mounted on a
micromanipulator and moved across the biofilm at predetermined
increments. After each stop the current in the system was measured and
- compared with the calibration curve to calculate the dissolved oXygen
concentra_tion (Lewandbwski et al (1991)).
~ Confocal imaging
Binary population biofilm developed in the presence of particles was
observed using a confocal laser mic'rosco'p'e. The binary population bibfilm
was growﬁ in an annular reactor for a week. The biofilm slide was taken
from the rreactor‘and. transferred to a sterile water solution. The biqfilm was
_ viev_'ved under a MRC BIO-RAD Confocal Scanning Laser Microscope |
equipped with krypton or argbn laser (668 nm) and the images captured by
using BIO-RAb COSmMOoSs softwéré. Images were taken and stored on this
sample using reflected light. The biofilm was then stained with propidium .
iodide at 1 ug/L for about 30 minutes to obtain images of total cells at the
sarﬁe spot as reflected light images. The images were superimposed and
unstained mass was believed to be the particles. Thus the overall distribution

~of particles and cells were observed in the biofilm system. -
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THEORETICAL APPROACH

This section presents the theoretical basis applied for analysis of

experimental data. The reactor system was treated as a continuous stirred

tank reactor (CSTR). Material balance equations were applied to determine

various rate coefficients as indicators of disinfection efficacy.

The following assumptions were used to solve the equations.

i)
ii)

- ii)
iv)

V)

The reactor is well mixed.

The dilution rate is high enough that planktonic growth can be
neglected. The biomass‘monitored in the effluent stream, therefore,
reflects only detached biofilm cells. |

The consumption of substrate and biocide is wholly due to biofilm.
First order decay and reaction rates are assumed.

Cell growth is negligible'éompared to decay during biocide treatment.

Decay rate coefficients

Three types of decay rates were estimated to evaluate the efficacy of the

biocide against biofilms. These are the overall decay rate coefficient (D,),

the detachment rate coefficient (D), and the disinfection rate coefficient

(D,). First order decay is assumed in evaluating the decay parameters.

Overall decay rate_coefficient (D)

This parameter was evaluated using the plate count data obtained during.the

study of biofilm disinfection and removal. The equation used to estimate the

rate coefficient was
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dt

= ‘Dde va (1

where X, (cfu/m?) is the biofilm viable cell density, and D, (hr) is the

decay rate coefficient. Integrating we obtain an equation of the form

Xov = Xpvo eXp(_Ddet) (2)

Where X,,, is the cell density at time zero. The natural logarithm of XX,
was plotted against time t. A least sq.uares regression analysis was

performed on the resulting curve to estimate D,,.

Detachment rate coefficient (D)

This parameter was estimated using the total cell count obtained during
biofilm disinfection and removal experiments and applying an approach

analogous to that described above. For total cells,

Xor = Xpro €XP (-Dygrd) ~ - @3)

where X, (#/m?) is the initial total cell number before biocide addition, Xor
is the cell density at a particular time, and D, (hr) is the detachment rate |

coefficient.
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Disinfectioﬁ rate coefficient (b:n-)
The decay rate coefficient is the sum of the detachment rate coefficient
(D g, and disinfection rate coefficient (D). The‘q.isinf'ection rate coeff,icient

is calculatéd from the equation

_ Dy = Dgy = Dyey | | - (4

. Glucose uptake rate {Rg)

A mass balance of substrate in the system was performed and used to
obtain the specific glucose consumption rate. The macroscopic balance on

substrate is

as XeV
V= = S,-S) - V-RsA (5)
"t Q( 0=S) — 1 Yys s ‘

where V (m?) is the volume of the reactor, Q (m%hr) is the volumetric flow
rate, S, (g/m°) is the influent substrate concentration, u (hr) is the spéci.fic
growth rate, X_, '(.cfu/m:f) is the bulk fluid viable cell concentration, S (g/m®)
is the effluent substrate concentration, Yys is the yield coefficient, Rg
(g/m?-hr) is the specifié glucose uptaké rate, and 4 (m?) is the biofilm
surface area in the.reactor. The dilution rate, D = Q/V (hr) in the reactor
beiﬁg very high, the effect of planktonic growtﬁ can be neglécted. in
addition,‘decay predomin‘a'tes growth during disinfection. Eliminating the

planktonic cell term the equation becomes
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~

as A
2 - pD(S-5-ARA4 6
dt (S5-5) Sy ()

A second order quadratic ‘polynomial fit was performed on the S‘versus t
data. The polynomial equation obtained was differentiated to obtain the
- value of dS/dt, allowing the remaining u‘nknown, Rg, to be calculated.
Detachment raté (K.)

The mass balance on biomass in the syétem permits evaluation of K, the

" detachment rate. The effect of planktonic cells again being neglected vields

dx,,
V-2 =r,-QX, (7)

dt

‘where V (m?) is the volume of the reactor, X,; (#/ml) is the total cell
concentration in effluent stream, Q (m3/hr).is the volumetric flow rate, where

-ry (#/hr) is expressed as

where K, (#/m?-hr) is the detachment rate.

ax A .
a = ey D Xer ©
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A second order polynomial fit to the curve of X.r vs t was differentiated to
give the value of the accumulation term. K, could then be obtained since it is

the only unknown parameter in the equation.

Monochloramine uptake rate (Ry,)

- The mass balance on the biocide, monochloramine, yields an estimate of the

monochioramine consumption rate. Monochloramine consumption by
planktonic cells is neglected since biofilm organisms far outnumber
planktonic bacteria.

The differential mass balance on monochloramine is

dM ' A
—=DM,-M) - R,, = (10)
where M, and M are the influent and effluent monochloramine concentration
(g/m®), A (m?) is the surface area of the biofilm, D (hr) is the dilution rate,
and R,, (g/m’--hr) is the monochloramine consumption rate.

The M versus t data were split into two curves, since there was a -

steep drop of concentration in the first 5 mins. The first portion between

" zero and 5 minutes was fit with a line. The portion of the curve between 5

and 60 mins was fit td a second order polynomial. The fit equations were
differentiated to obtain dM/dt. Since the only unknown paréme_ter in the

equation is Ry, it could be calculated.
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Oxygen flux ratio

An oxygen microelectrode was used to obtain profiles of oxygen
concentration in the biofilm during biocide treatment in the flow cell
(Figure 2). The oxygen flux into the biofilm is calculated by using the

equation,

(C.-0) o (11

Where J (g/m?-hr) is the flux of oxygen into the biofilm, Qoz (m?/hr) is the
diffusion coefficient of O, in bulk fluid, C, is the bulk fluid oxygen |
concentration in the flow cell and C is the concentra'ticzn of O, at the biofilm
surface both expressed as g/m®, and L, (m) is the concentration bouhdafy
layer or thickness in the system. The fluid dynamics being the same during
the experiment, L, is assumed to be a constant. Since L, is not known, the
ratio of oxygen fluxes was used to assess the effect of monochloramine.
The flﬁx ratio was found to be insensitive to assumed biofilm thickﬁess
values. The- oxygen flux ratio at any time ¢ is obtained by dividing the flux at
time’ t by the flux at time zero. This is expressed as

J(t) '= (Ca_C(b) (12)
JO)  (C,-C(0))
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RESULTS

This section reports the results of monochloramine d‘isiﬁfection experiments
of binary and monopopulation bioﬁl\ms. Two types of analysis were
pérformedé on the biofilm and on the reactor effluent. Biofilm analysis
consisted of analyzing biofilm slides for plate and total cell counts. These
data were used to obtain overall decay and detachment rate coefficients.
Reactor effluent was analyzed fdr total cell counts, glucose concentration
and monochloramine concentration. The effluent data were used to obtain

detachment and consumption rates, respectively. The results section is

-divided into three subsections. The first subsection reports results of biofilm

. analysis p‘ertaining to overall biofilm disinfection and removal. The second

subsection focuses on the effect of abiotic particles on disinfection. The
third subsection compares mono and binary population biofilm systems using
both biofilm and effluent data.

Overall biofilm disinfection and removal

During monochloramine treatment the net decay rate of biomass is obtained.
from plate count data and the detachment rate of cells from the; biofilm is
obfainéd from AODC counts. The net de;cay is the combined processes of -
détachment and disinfection.

The net decay of cells during treatment in a binary population biofilm

with 4 mg/L. monochloramine based on R2A counts is shown in Figure 3.

Viable cell counts for biofilm of 10! cfu/m? initial cell density decreased by
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2.5 log, viable cell counts for biofilms étarﬁng at 10" cfu/m? decreased by
3.5 log, while the cell counts in a biofilm of 10" cfu/m? initial cell density

decreased by only 20%.
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Time (hrs)

Figure 3 Viable areal cell density of binary population biofilm during
disinfection with monochloramine. Three different runs are shown each with
a different initial cell density.
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The total cell count data (Figure 4) reflect the‘effect of monochlo;amine on
detachment of cellé from the biofilm. The total cell nuﬁber decreased by
approximately 10 to 50% during biocide tréatment.

Tables 5 through 9 summarize the calculated overall décay,
detachmeht, and disinfection rate coefficients for all three types of biofilm
systems. In these tables, X, is the initial viable cell density, £, is the
fraction of P. aeruginosa in the biofilm, and SE is the standard error of the
slope.

Table 5 shows the calculated overall decay rate coefficient, whi'ch is
obtained' by performing a linear regressionvon plate count data. The slope of
the line gives the decay rate coefficient. The decay is highest for initial cell
densities around 102 cfu/m?, but decreases at lower or higher initial cell
densities. |

Table 5 Overall decay rate coefficients (D). These rates are obtained by

performing a linear fit to the summed plate count data for all speciés.

log X,, fp Do r2 SE
(cfu/m?) (hr'"). '

14.16 0.23 . 0.498 0.64 0.167
13.26 0.01 0.38 0.38 0.198
12.57 1.0 5.96 0.752 1.2
12.56 0.834 . 5.88 0.92 0.55
12.29 0.812 4.56 0.93 0.41
12.04 0 " 5.28 0.87 1.78
11.23  0.212 ° 2.08 = 0.624 0.48
11.15 0 1.34 0.41 0.51

10.98 0 - 1.28 0.57 0.414
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Log number density (#/m2)

Time (hrs)

Figure 4 Total areal cell density of binary population biofilm during
disinfection with monochloramine. Three runs are shown.
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Table 6 reports the detachment rate coefficients obtain‘ed by
performing linear regression on total cell count data.

The disinfection rate coefficient is just the difference between the decay and
detachment rate coefficients. As shown in.Table 7, disinfection rate
coéfficients were generally larger than detachment rate coefficients.

Abiotic particle study
The effect of the presence of abiotic particles (kaolin and calcium carbonate)
in the biofilm on biocide efficacy against binary population biofilms is shown
in Figures 5 and 6. Two methods of developing the biofilms were used. In
the first study, the particles were added to a mature biofilm for a period of
one hour, and were washed from the bulk liquid for an hour before the
addition of biocide. Monochloramine was added for one hour and biofilm
plate count data were obtained during thi's period. As shown in Figure 5, a
biofilm without the particles experienced a decrease in vliaple cell number of
about 2.5 log. The decrease in viable cell number for a biofilm of similar
initial areal cell density with the particles was only about 1.5 log.

In the second study, biofilm was developed in the continuous
presenceic‘\)f particles. As shown in Figure 6, the decrease in viable cell
number for biofilms without particfes was about 3 log. Viable cell numb_er
decreased for't;iofilms with the particles by about 2 log. The solution
containing the particles had a demand of 0.2 mg/L for monochloramine.

Statistical analysis of these data are presented in the discussion section. In




summary, the efficacy of the disinfectant was reduced by these particles.

Table 6 Overall detachment rate coefficient (D). These rates are obtained

»
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by performing a linear fit to the total cell count data.for all species

log X,, fp I r? SE -
(cfu/m?) (hr')

14.16 0.23 0.097 0.026 0.266
13.26 0.01 0.354 0.73 0.09
12.57 1.0 0.091 0.42 0.09
12.56 0.834 0.52 0.95 0.037
12.29 0.812 0.34 0.85 0.049
12.04 0 1.79 0.87 0.26
11.23 0.212 0.65 0.82 0.107
11.15 0 0.34 0.29 0.168
10.98 0] 0.65. 0.57 0.414

'Table 7 Overall disinfection rate coefficient (D). These rate coefficients

are obtained as the difference between overall decay and detachment rate

coefficients.

Iog Xvo Ddis
(cfu/m?) (hr'')
14.16 0.4
13.26 0.026
. 12.57 5.87
12.56 5.36
12.29 4.22
12.04 3.49
11.23 1.43
11.15 1.0
10.98 0.63
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Figure 5 Comparison of viable cell number during disinfection with

monochloramine of binary population biofilms with (A) and without
particles (0). The abiotic particles were added to a mature biofilm.
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Time (hrs)

Figure 6 Comparison of viable cell number of binary population biofilms
during monochloramine treatment with () and without particles (0). The
biofilm was developed in the continuous presence of particles.
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Comparison between mono and binary population biofilms

In this study comparison was made between the three types of biofilm
systems with respect to both biofilm and bulk fluid dynamics.
Biofilm decay

Figure 7 shows the efficacy of mon'ochloraminé against
K. pneumoniae in mono and binary population biofilms of similar initial cell
densities. The drop in viable cell number of K. pneumoniae in the mono
population biofilm is approximately 4.5 log compared with 4.75 log in the
binary populatjon biofilm. The binary population biofilm was composed of
78% P. aeruginosa. Table 8 gives the overall decay rate coefficient of
K. pneumoniae in'the mono and binary ,pobulation biofilms. The decay rate
coefficient was highest at cell densities near 10'? ‘cfu/v‘rr{z and lower at either
extreme.

Figure 8 shows the efficacy of monochloramine against P. aeruginosa
in mono and binary population biofilms of-similar cell densities. Both mono
and binary population biofilms experience a 4 log decréase in viable counts.
Table 9 gives decay rate coefficients of P; aeruginosa_; in mono and binary

population biofilms.
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Figure 7 Comparison of viable cell areal density of K. pneumoniae in

mono (a) and binary population biofilms (aA). The biofilms were
approximately of the same initial cell density.
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Figure 8 Comparison of viable cell areal density of P. aeruginosa in
mono (O) and binary population biofilms (m). The biofilms were
approximately of the same initial cell density.
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Table 8 Decay rate coefficient (D) of K. pneumoniae in mono and binary

population biofilms

log X,, fp D,, r2 SE
(cfu/m?) (hr') ‘
14.16 0.23 0.39 0.6 0.12
13.26 0.01 0.38 0.38 0.198
12.56 0.812 . 2.22 0.92 0.204
12.29 0.834 3.39 0.94 0.29
12.04 0.0 .28 0.87 1.79
11.23 0.212 2.02 0.62 0.52
11.15 0.0 1.34 0.41 0.51
10.98 0.0 1.28 0.57 0.41

Table 9 Deca\} rate coefficient (D) of P. aeruginosa in mono _and binary

population biofilms.

log X,, fp D, r2 S.E
(cfu/m?) (hr')

14.16 0.23 1.74 0.8 0.39
13.26 0.01 0.33 0.26 0.22
12.57 1.0 5.96 0.75 1.2
12.56 0.812 6.51 0.88. 0.756
12.29 0.834 10.43 0.96 0.78
11.23 2.76 0.212 0.68

0.64
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Glucose consumption

The effluent glucose concéntration during 1 hour of monochloramine
treatment is shown in Figure 9 for three different runs with“ binary pophlation
biofilms. The glucose concéntration is represented in terms of carbon. During
biocide treatment the rise in the cdncentratidn of glucose as monitore;i in
the effluent of the reactor is small. An increase of only 1.5 to 2 mg/L was.
observed compared to the influent glUcose concentration of 8 mg/L. The
overall glucose consumption rate was calculated from these data using
Equation 6 and is shown in Figure 10. The rate is plotted as a fraction of the
initial rate.'The drop in the ratio indicates that glucose consumption was
reduced, but only by about 25% . This ié much Iess than .the 99% decree_xse
observed in viable plate counts.

Figure 11 shows the effluent glucose concentration during
mondchloramine treatment in ‘reactors with K. pnéumoniae biofilrﬁs. Two
different runs are represented on the figure. The glucose level rose to'around
. 40-50% of its influgnt value after one hour of treatment. Calculated
normalized glucose consumption rates are shown in Figure 12. The glucose
consumption rate decreased to around 20 to 40% of its initial value. Both
runs follow the same trend.

Figure 13 shows the effect of monochloramine on glucose
concentration in the effluent of reactors with P. aeruginosa biofilm. The

glucose concentration rose to its influent level during one hour of treatment.
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Figure 9 Effluent glucose concentration in binary population biofilm

reactors during monochloramine treatment for | hr. Three runs are
represented on the figure.
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Figure 10 Calculated ratio of glucose consumption rate in binary
population biofilms during monochloramine treatment for | hr. Data for three
experiments are shown.
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Figure 11 Effluent glucose concentration in K. pneumoniae biofilm
reactors during monochloramine treatment for | hr. Two runs are
represented on the figure.
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Figure 12 Calculated ratio of glucose consumption rate of K. pneumoniae
biofilm during monochloramine treatment for | hr. Two runs are represented

on the figure.
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Figure 13 Effluent glucose concentration in P. aeruginosa biofilm reactors
during monochloramine treatment for | hr.
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Monochloramine consumption

Effluént monochloramine c'oncéntration measured during treatment of
binary population biofilhs is shown in Figure 14. After the first 5 minutes
effluent monochloramine concentrations were relatively constant at 0.1 to
0.9 mg/L. The overall consumption rate of monochloramine for these tﬁree
runs is shown in Figure 15. The rate is calculated from Equétion 10. The
consumption rate drops from 0.15 to 0.03 mg/m?2-hr in the first 10 minutes

and stays constant thereafter. The trend between the two figures seem to

" be the same.

. Effluent monochloramine concentration in K. pneumoniae biofilm
reactors is shown in Figure 16. The effluent concentration drops from 4 to
approximately 1.6 mg/L in the first ten minutes, and then rises to almost the

influent concentration. As shown on Figure 17 the consumption rate is an

order of magnitude less than for the binary population biofilm system.

Effluent monochloramine concentration in P. aeruginosa biofilm

" reactors is shown in Figure 18. The effluent concentration drops from 4 to

0.5 mg/L in the first five minutes then stays constant: As shown on

Figure 19, the consumption rate drops from 0.1 to 0.03 mg/m?hr in the first
ten minutes and remains steady thereafter. This trend mirrors that seen for

binary population'biofilm data.
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Figure 14 Effluent monochloramine concentration in binary population

biofilm reactors during monochloramine treatment for | hr. Three separate
runs are represented on the figure.
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Figure 15 Calculated monochloramine consumption rate in binary
population biofilms during monochloramine treatment for | hr. Three runs
are represented on the figure.
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Figure 16 Effluent monochloramine concentration in K. pneumoniae
biofilm reactors during monochloramine treatment for | hr. Two runs are

represented on the figure.
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Figure 17 Calculated monochloramine consumption rate of K. pneumoniae
biofilms during monochloramine treatment for | hr. Two runs are
represented on the figure.



55

4B
3 -
60
E
E 2
§
0
O
ti
@]
2
O O d O O] [
0 i— ! !
0.00 0.25 0.50 0.75 1.00
Time (hr)

Figure 18 Effluent monochloramine concentration in P. aeruginosa biofilm
reactors during monochloramine treatment for | hr.
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Figure 19 Calculated monochloramine consumption rate of P. aeruginosa
biofilms during monochloramine treatment.
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Detachment rate

Figure 20 reflects the detachment of cells from binary popuiation
biofilms durving‘disinfection‘. 'l;he detachment rate shown in Figure 21 is
obtained from Equation 9. The detachment rate remains essentially constant
within each run. Similar behavior of effluent cell number and detachment
rates are seen for K. pneumoniae (Figures 22 and 23) and P. aeruginosa
(Figu‘res 24 and 25) biofilms.
Growth and recovery

The growth and recovery after biocide'treatment of binary bopulation |
biofilms are shown on Figure 26. At time zero the reactor was fed
continuously with the medium and the reactor effluent was monitored for
gon_famin‘ation and detached cells. Assuming that as fhe biofilrﬁ grows the
detachment of cells also increases, the increase seen in detached viable cellsl
is taken as an indicator of biofilm gronh. The bioéide was added for a
p.eriod_-of one hour. The later part of the graph'depicts the recover;l. The
growth and recovery of monopopylatic’m biofilms of K. pneumoniae and
-P. aeruginosa are shown on Figure 27 aﬁd‘ 28 respectively. In all cases, the
viable cell number in the efflﬁent is near its pretreatment Qalue within 24 to

48 hours of biocide treatment.
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Figure 20 Effluent total cell number in binary population biofilm reactors
during monochloramine treatment for | hr. Three runs are represented.
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Figure 21 Calculated detachment rate of cells from binary population
biofilms during monochloramine treatment. Three runs are represented.
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Figure 22 Effluent total cell number in K. pneumoniae biofilm reactors

during monochloramine treatment for | hr. Two runs are represented.
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Figure 23 Calculated detachment rate of cells from K. pneumoniae
biofilms obtained during monochloramine treatment for | hr. Two runs are
represented.
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Figure 24 Effluent total cell number in P. aeruginosa biofilm reactors
during monochloramine treatment for | hr.
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Figure 25 Calculated detachment rate of cells from P. aeruginosa biofilm
during monochloramine treatment.
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Figure 26 Growth and regrowth data of binary population biofilms. Two

different runs are represented. Biocide was added in both runs at 144 hrs for
a period of one hour.
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Figure 27 Growth and regrowth data of K. pneumoniae biofilms. Two

different runs are represented. The biocide for run | was added at 144 hrs

and for run 2 it was added at 120 hrs. Biocide was added for a period of
one hour.
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Figure 28 Growth and regrowth data of P. aeruginosa biofilm. The biocide
was added at 192 hrs for a period of one hour.
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Comparison of respiratory activity and culturability

Biocide efficacy as measured by various techniques on binary popualition
biofilm systems is shown in Figures 1Q, 29, 30.and 31 Figure 29 shows fhe
difference in biocide efficacy as determined by plate counts and CTC
reducing cell numbers. The plate count data (R2A) indicated a 4 log drop in
viable cell count whereas the CTC data (Stewart et al (1994)) indicated a 2
log drop. The number density for both the measures at timé zero was the
same. The biofilm sample was also plated on MT7, which is a coliform
selective media. The data obtained from both R2A and MT7 agar plates
were similar, indicating that R2A plate count provided a good estimation for

both species.

Oxygen consumption

Typical oxygen profiles obtained using a microelectrode are shown in
Figure 30. Thé‘distance on the x axis indicates the travel of the ele.ctrdde
from the bulk fluid towards the substratum. The data shown is fof the
control slide that was treated with 2% formaldehyde. The oxygén profilé
before the addition of HCHO has a steep gradient indicating consumption of
oxygen right near the substratum. After the‘addition of HCHO, the profile is
very flat, indicating that oxygen is not consumed by the biofilm.

The normalized oxygen flux obtained using Equation 12 at different
time intervals during monochloramine treatment is shown in Figure 31. The

bulk fluid concentration was around 0.24 mol/m?® and the concentration of
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oxygen at a distanqe of 60 ym awéy from the substratum (the estimated
distance of the biofilm - bulk fluid interface) was obtained from the profile.
The concentration difference betweeﬁ these two points was proportional to
the flux into the biofilm. The oxygen flux ‘décreaSed by only 10% during
biocide treatment.

Glucose consumption (Figure 10) and oxygen utilization (Figure 31)
show similar decreases, while plate count data (Figure 29) indicated a much

higher efficacy of monochloramine on biofilms.
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Figure 29 Comparison of plate count data on R2A (o), MT7 (O) with CTC

(a) reducing cells in binary population biofilms during monochloramine
treatment for 2 hrs.
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Figure 30 Typical concentration profiles of oxygen in binary population
biofilm as measured in the flow cell. The profiles shown are for a control
slide to which 2% formaldehyde was added. The profiles were taken before
(o) and after 15 minutes of formaldehyde addition (¢). Zero on the x axis

corresponds to the substratum.
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Figure 31 Calculated oxygen flux ratio of binary population biofilms
obtained during monochloramine treatment.
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DISCUSSION

The discussion is divided into three topics: biofilm parameters impacting
biocide efficacy, measures of biocide e»ff’ica:cy, and comparison of rates
between mo.no and binary population biofilms.
Biofilm parameters affecting biocide efficacy |
Many phenpmena are known to affect biocide efficacy. In this study
three parameters were identified that i‘mp'actéd biocide efficacy. These
parameters are initial ceil density, species composition, and the presence of

abiotic particles.

Effect of initial cell density

(

The pverall decay rate coefficient displayed.an unexpected
dependehce on ini‘tial areal cell density (Figure 32). As the cell density
increases from 10'? cfu/m? to 10" cfu/m? the decay rate coefficient |
decreased from 5. to 0.5 hr''. As the cell density approached 10" ¢cfu/m? the
decay rate coefficient decreased to about 1.2 hr'. The peculiar paraboli'c
debendence of decay rate coefficient on initial éell' density obsérved, in this
study could be explained by various hypotheses.

The first hypothesis relates to the thiékhess of the bfoﬁlm (Figure 33).
As th‘e biofilm areal cell density increases the overall thickneés of the biof;'lm
also increases. Biocide efficacy could be limited by the rate of biocide
transport into a thick biofilm. The biocide cannot penetrate (Figure 33) fully

into the biofilm because it is reacted quickly at the surface of the biofilm and
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Figure 32 Calculated decay rate coefficients of all types of biofilm
systems with varying initial cell densities.
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its concentration decreases as it progresses towards the substratum.
Diffusion and reaction together play a role in reducing the efficacy of the

disinfectant according to this hypothesis.

Transport limitation  Resistant subpopulation

PENETRATION — PENETRATION

eDead cells
° Live cells

Figure 33 The schematic diagram of two hypotheses

The second hypothesis suggests the presence of a constant subpopulation
within the biofilm that is physiologically different from the rest of the
biomass and less susceptible to disinfection. Possible evidence for such a
subpopulation is seen in Figure 3, where biphasic decay was observed for a
thin biofilm. There was rapid initial decay in the first fifteen minutes followed
by a slower loss of cells for the remainder of the period. This suggests the
presence of a constant number of cells that are protected from biocide

action. Similar behavior was observed with initial cell densities around 10 12
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cfu/m?. There was a continuous drop in viable cells. until ‘;he number reached
10%-10° cfu/m?, after which there was little additional kill. These two
hypotheses coﬁld be tested using physiological probés to observe spatial
patterns of activity inside the biofilm (Yu et al).

The dependence of biocide efficacy on initial cell density as described
in these hypotheses was used to develop a mathematical model.
Model_
A mbdel was developed that integrétes two possible resistance mechanisms.
i} transport limitation and ii) presence of a resistant subpopulation. The
decay rate coefficient is a compllex function of initial cell density énd species
composition; these two factors are considered in the modél. The effect of
transport is incorporated a's a multiplicative factor of the decay rate
coefficient that is analagous to an effectiveness factor as applied in
heterogeneous catalysis. I'ndepenldent first order deacy rate coefficients are
assumed for the two species. The decay of the two species is additive

giving the basic model equation

X, = (1-fg) X, exp(-bnt) + X, fo exp(-bpn ) +Xg (13)
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where,

fp is the frac;cion of P. aeruginosa in the biofilm, b, and b, are the decay rate
coefficients of K. pneumoniae and P. aeruginosa in the biofilm respectively.
Xy, is the initial biofilm areal cell de'nsity, Xg is a constant subpbpulation in
the biofilm, n is th.e efficiency factor, and X,, is the total viable areal cell
density at any time t. If X and X, are the areal cell density of

K. pneumoniae and P. aeruginosa, respectively, in the biofilm, then

The efficiency factor n, is defined as

X

n =2 forX,< X, - (15)
XVo

n =1 for X, > X, (16)

The parameters n and X, capture the effect of transport limitation in

thick biofilms on biocide efficacy. As the cell density increases, n
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decreases, leading to less effective disinfection. In thin biofilms, when X, is
less then Xp, no transport limitation is encountered since 7 is equa] to 1. Xp
is assumed to t;e a constant. Xy is a constant subpopulation in the biofilm
which offers resistance to biocide. This population is_ important in deereasing
the efficacy of the biocide in thinner biofilms.

The model captured the qualitative beha’vio_wr' of the experimental data
(Figure 34). A biofilfn of higher initial cell density is hardly disinfected.
Eiphasic disinfection is predicted for biofilms of lower initial cell density. This
behavior is very similar to that exhibited‘ by the experimental data as shown
in Figure 3. Additional experimental data would be needed to test the model.

A third hypothesis to explain the resistahce of biofilms to biocide
actien involves the now accepted structural heterogeneity of biofilms. Even
in an apparently thin biofilm, there coule be occasional thick microcolonies -
that are protected by transport limitation of biocide. These colonies could
constitute a resistant subpopulation.

The fourth hypothesis involves the effect of biorpass growth rate
inside the biofilm on the efficacy of the biocide. As the biofilm thiekness
increases, the layer of cells at the bottom-most part will grow more slowly
and may thereby be more difficult to disinfect. The upper portion of
biomass, where cells are growing rapidly, can be killed readfly by
comparison. Biofilms harbor cells that are protected by virtue of their slow

growth according to this hypothesis. This hypothesis could be tested using
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physiological probes in conjunction with the method of cryosectioning (Yu et
al (1994)) ;co visualize physiological’gradients inside a biofilm.

Corrosion products in the biofilm could also affect tﬁe efficacy of the
biocide (Chen et al (1993)).
Biphasic decay
The decay for biofilms of lower Aini(tiall ceI‘I density is biphasic. The decay is

rapid in the first 15-30 minutes, but slows drastically after one hour of

. treatment (Figure 3). The reason for this peculiar behavior is not understood.

It could probably be explained by the presence of resistant subpopulatioh in
the biofilm.

Since the analysis applied in this thesis assumed linear rather than
biphasic decay, some of the information containéd in the raw data was lost."
In terms of analyzing uhderlying mechanisms, it might be rﬁost appropriate
to examine initial r'étes of decay_. A preliminary analysis of initial rates was
disappointing because there were relatively few data points in the initial
period and so initial rate coefficient estimates were noisy. This approach
could be pursued more effectively in future studies by ‘takin.g more data in

the first 15 minutes.
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Figure 34 The behaviour of the empirical model (line) in comparison with
the experimental data (a)



80
Species composition

Siebel et al (1991) found no evidence of species interactions in the biofilm
with respect to growth kinetic parameters. In this study ‘species interactions
with respect to biocide efficacy were investigated. The effect of the
presence of one species.on the disinfection of the other was studied by
comparing results of experiments with monopopulation and binary population
‘bioﬁlms.

Figures 35 and 36 co»mypare decay rates of K. pneumoniae and
P. aeruginosa in mono and binary biofilms. The decay rates are comparable,
indicating that the cells do not iﬁteract. This conclusion was supported by
non linear statistical analysis of the data (Figurgs 40 and 41).

The effect of the fraction of P. aeruginosa (Figure 37) on the decay

rate coefficient of the overall population indicates an increase in decay' rate
coefficient with increase in fraction of P. aeruginosa present in the biofiim. A
linear regression performed on these data using MSU STAT gave a p value
of 0.026, and a ratio of intercepts at fp=1 and f,=0 of 3'.7. This result
indicates that there is a significant dependence on the species composition
of the biofilm, and-that P. aeruginosa decays approximately 3.7 times_ as
fast as K. pneumon)’ae. In binary population biofilms of similar initial cell
density, P. aeruginosa decays more rapidly than K. pneumoniae (Figure 38).
The ratio of the decay rates 6f,P. aeruginosa and K. pneurhoniae is equal to

. the slope of the line fit to the data in Figure 38. This value was 2.7,
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indicating that the decay.rate for P. aeruginosa is a factor of 2 to 3 higher

than for K. pneumoniae.




82

5=

T

-0 000 Cioa

Qoow

Log Xvo (cfu/m 2)

Figure 35 Comparison of calculated decay rate coefficients of K.
pneumoniae in mono (a) and binary (a) population biofilms of varying initial

cell densities.
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Figure 36 Comparison of calculated decay rate coefficients of

P- aeruginosa in mono () and binary (m) population biofilms of varying
initial cell densities.
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Figure 37 Comparison of calculated decay rate coefficients of all types of
biofilm systems of varying composition of P. aeruginosa.
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Figure 38 Comparison of decay rate coefficients of P. aeruginosa and K
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Statistical analysis

A quadratic non-linear model was used to explain the parabolic trend
observed in the data (Figure 32). The model assumes independent and
additive decay of the two sbecies. A quadratic dependence on initial cell

density is fit. The model is expressed as follows

]

b=[(1-f) + pf] [0 (l0gX,)% + v (ogX,) + 8] + & (1)

Where,

6, v, 6 and e are fitted parameters, and

b=bK+ P; .p=_ (18)

br and by are the decay rate coefficients of P. aeruginosa and K. pneumoniae
respectively, fp is the fraction of P. aeruginosa and X, is the viable initial cell
denisty. The estimated values of the parameters using non-linear regression

on the overall decay data (Figure 32) are

p = 1.7171; 0 = -1.0828; y = 26.77; & = -16209.  (qg)

6, v, and ¢ are fitted parameters and have no direct physical interpretation.
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The chance error e, which is the error associated in estimating the decay
rate coefficient, b was found to be zero.

For a P. aeruginosa mono culture biofilm, the prediction equation is

bp = 1.717 [-1.0828 (logX,,)? + 26.77 (10gX,) -162.0984] (50

For a K. pneumoniae mono cuiture biofilm, the prediction equation is

by = -1.0828 (logX,,)? + 26.77 (logX,,) - 162.0984 (21)

The predicted values show similar trends when cohpared wifcl'; the
experimentally obtained values (Figure 39)'. The linear-mode! does not
capture the data well (p=0.0249), therefore a quadratic fit is better than a
linear model.

The comparison of K. pneumoniae decay rates in monopopulatioh
biofilms also agrees with the quadratic model (Figure 40). The experimental
data lie close to the prediction on two out of three ocassio.n-'s. The
comparison of P. aeruginosa decay rates coefficients (Figure 41) ‘in

monopopulation biofilms is similar.
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Figure 39 Comparison of the quadratic fit model (o) using non
linear regression with that of experimental data (¢) for all biofilm species
composition. The error bars show = 2 standard errors.
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Figure 40 The behavior of the predicted quadratic fit model (0) in
comparison with experimental data for K. pneumoniae biofilms (.). The error
bars show + 2 standard errors.
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Figure 41 The behavior of the predicted quadratic fit model (0) in
comparison with experiemntal data for P. aeruginosa biofilms (O). The error
bars show *= 2 standard errors.
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Abiotic particles
Abiotic particles added to a 'week-old biofilm reduced the efficacy of the
biocide (Figure 9). The decay rate coefficient (Equation 2) for biofilms
without particles was 7.7 .(+ 1.29) hr and for biofilms with the particles
the decay rate coefficient was 3.15 (+ 0.6) hr'. Performing a t-tes;c on the
equality of these two rate coefficients yielded a b-value of 0.0005. This
means that'thé probability that the decay rate coefficients are‘ actually equal
is less than 5 in 10,000. Therefore it .can be concluded that the particles
impacted biocide efficacy. There could be many reasons attributed to the
effect observed. The particles could halve penetrated into the voids and
water channels (Drury (1992)) and thus prevented the biocide entry into the
biofilm. Visual examination of the slide after dosing the reactor with the
particles suggested that the particles had formed a dense strong layer on tﬁe
periphery of the biofilm. This layer of particles may have acted as a physical
barrier to impede biocide penetration. . |

Biofilm grown with a continuous supply of abiotic particles were also
more resistant than the biofilms without the particles. Figure 10 depicts thg
difference observed in the efficacy of the biocide against these two biofilm
systems. Tﬁe decay rate coefficient (Equation 2) for biofilms without -
particles was 4.55 (£ 0.42) hr' and fqr biofilms with the particles the decay
rate coefficient was 2.51 (+ 0.54) hr'. A t-test on the equality of these two

values yielded a p-value of 0.0005, this means that the probability the decay
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rate coefficients are actually equal is less than 5 in 10,000. Therefore it can
be concluded that the particles impacted biocide efficacy. Confocal imaging
was done on the biofilm with the particles as shown in Figure 42. The
biofilm matrix was mixed homogeneously with the particles. Cryosectioning
of the biofilm showed a more heterogenous and thicker biofilm than normal
(Murga et al). The biofilm by virtue of being thicker could have affeéted t_he'

biocide penetration and thus decreased the efficacy of the disinfectant.

7
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Figure 42 The distribution of abiotic particles (red) in the biofilm matrix
containing cells stained with propidium iodide (green). The biofilm was
grown with continuous supply of particles. The particles are uniformly
distributed in the matrix. The red spot seen in thq center is an artifact.
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Comﬁarison of culturability and resgiratofy_ activity
Different measures of biocide efﬁcacy on binary population biofilms were
compared. The four different methods used we,re‘agar' plate counts, glucose
.consumption rate, oxygen flux into the biofilm and reduction of the redox
Stain CTC (Stewart. et al (1994)). The efficacy of the biocide determined by
: formation of colonies on R2A med.ia indicated a 3 log drop after 1 hour of -
ex-poéure to monochlorarﬁine (Figure 11). The number of CTC reducing cells
‘dropped by 1 log ovér the same interval. Glucose consumption fel.l by oniy
15% afte( 1 hour of ’creatmenf (Frig;Jre 13) and oxygen flux into the biofilm
(Figure 15) fell. by 10% after.1 hour of treatment. Detachment of cells as.
determined by total cell count data (Figure 4), showed a reduction of
approximately 40%.

Measures of respiratory activity such as glucose consumption rate ;md.
oxygen flux into the biofilm indicated much higher levels of residual microbial
activity after rﬁonochlc;ramine treatment than did R2A platé counts. Both
energy source (glucose) and electron acceptor {(oxygen) continued to be
consumed in the biofilm at rates similar to thei‘r respective rates of utilization
before disinféction. The reduction in glucose consumption and oxyéen
utilization were Similar. Table 10 summarizes the different méasures of
biocide efficacy. -

Comparing the different méasures of respiratory activity, the decrease

in CTC reduction was much greater than the decrease in glucbse
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consumption rate or oxygen utilization. The reasons for this are not clear.

Table 10. Summary comparison of methods for measuring the reduction in

microbial activity after monochloramine treatment.
The results are expressed in terms of the log reduction of the fraction of

pretreatment activity, 7. The error estimate is the sample standard deviation

(n =2}
Measured Activity logqo (f) - log,e (f)

@ 1 hr @2hr
R2A agar plate colonies 3.1 + 0.3 3.8 + 0.4
CTC reducing cells -1.2 £ 0.3 -1.2 £ 0.3
Glucose consumption rate -0.15 = 0.05 ND
Oxygen flux -0.05 " ND

Total cells (AODC) -0.21 + 0.07 -0.37 + 0.14

It is not evident whether the phenomenon of higher respiratory
activity observed indicates that the cells are non-viable with residual
respiratory activity or merely injured and not detected by culture media. If
the cells are injured, then the blate count data overestimates biocide
efficacy: If the cells are non-viable; then the respiratory indicators do not
reflect the potential for reco\/ery. Observations of rapid recovery (Figure 32,
Chen et al, Wende) support the former interpretation.

Alternative approaches for the evaluation of biocide efficacy include
DVC (Yu et al (1993)), bacterial luminescence (Walker et al (1992)), and
impedimetric techniques (Dhaliwal et al (1992)). Introduction of newer

techniques such as cryosectioning (Yu et al {1994)) and scanning confocal
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laser microscopy when coupled with respiratory indicators should I_ead to
new assays of biocide efficacy.

Different measures of biofilm ectivity during biocide treatment gave
rise to different biocide efficacies. Plate count data may overestimate the
bioeide efficacy whereas the respiratory activities may underestimate it. In
general, the technique chosen to measure biocide action should be selected
based on the ability to predict overall system performence in a specific
application. --

Comgarison‘of rates
Detachment and disinfection

Measured detachment rate ceefficients were almost always lower
than disinfection rate coefficients (Figure 43). Since there was only one out
of nine experiemnts in which detachmnet exceeded disinfection, the
probability that the detachment fate coefficient is actually equal to the
disinfection rate coefficient is 2% by statistical analysis (sign test). This
corroborates the finding (Chen et al (1993)) that monochloramine as a
biocide does not generate much detachment even though it is a good
disinfecting agent. Thus the disinfection action of monochloramine

predominates the detachment effect.
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Disinfection rate coefficient (1/hr)

Figure 43 Comparison of detachment and disinfection rate coefficients of
all types of biofilm systems.
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Glucose consumption rate
Glucose consumption rate can be interpreted as a measure of biofilm actiVity
during dfsinfection. Three types of biofilm systems, monopulation biofilms of
either P. aeruginosa or K. pneur'noniae, and the binary population biofilm |
combination, were compared with respect to glucose consurﬁption rates.

During one hour of treatment with monochloramine the Qlucbse
.concentratlon in the effluent of an annular reactor contalnlng P. aeruginosa
bIOfllm (Figure 13) shot up to its influent Ievel This indicates that the
biofilm ceases to be active with respect to glucose consumption. The
glucose concentration in the effluent of the reactor (Figure 11) for biofilm
systems of K. pneumoniae did not rise drastically. Glucose was sfcill
consumed indicating that some respirétory activity remained in the biofilm.
The calculated ratio of glucose consumption rate indi‘cated a 50% drop
(-Figure 12) compared to the rate prior to the addition of biocide. The effluent
glucose congentrati’on in thé binary population biofilm (Figure 9) did' not rise
by more than 20%. The ratio of glucose consumption rateg (Figuré 10)
calculated alsolin,dicated around 15.to 20% drop compared to the initial
value. The three biofilm systems differ with respect to glucose consumption
even though the d_ecay rates are similar. The reason why the biﬁary
populatibn .biofilm consumes glucose at the same pace during treatment

process is not known. The binary population biofilms are observed to be

thicker (Murga (1994)) and could therefore offer more resistance to biocide
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action and hence continue to consurﬁe glucose. K. pneumoniae biofilms are
highly heterogenous and their thickness profile varies randbmly
(Murga (1994)). Perhaps the heterogenous structure o.f the biofilm affords
protection to cell clusters that continue to consume glucose and survive
within the biofilm.
Monochloramine consumption rate

The consumption of monochloramine in the biofilm system reflects the
-reaction of monochloramine with biomasé_. The effluent concentration of
monochloramine in P. aeruginosa biofilms reached a constant value of
0.5 mg/L within the first five minutes (Figure 18). The calculated |
monochloramine consumption rate is observed to be cénstant (Figure 19)
after five minutes. This indicates t"hat monochloramine is consumed quickly
. and reaches a steady level in the reactor. The effluent concentration of
monochloramine in the binary population biofilm (Figure 14) system was
similar to that ,observea in the P. aeruginosé b‘iofilm systems. The
coﬁcentration reached a 'steady level i,n the first 5 minutes. The
monochloramine consumption rate (Figure 15) also remained constant after
the first five minutes. This indicates-that the biocide is consumed rapidly in
the system. The lower bulk fluid concentration observed could also bé a
factor in the decrease in efficacy pf the biocide. The concentration of
monochloramine in the effluent stream for biofilm systems of K. pneumoniae

differed from the other biofilm systems (Figure 16). The concentration dips
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down and raises up. The monochloramine consumption rate is very low
compared to the other biofilm systems (Figure 17). This peculiar trend could
be due to the fact that the method used to determine the amount of
monochloramine in the solution is not specific. Experiments should bg
conducted using alternative analytical methods to test whether the effect is
real. Thus the mono'chloramine consumption rates differed for all three types
. of biofilms.

Detachment rate

The concentration of cells in the reactor effluent reflects the amount of cells
detached from the biofilm. The detachment rate coefficient indicates the
number of be‘lls détached per unit area per hour. Figure 24 depicts the
amount of cells seen in the effluent of the reactor for the biofilm system of
P. aeruginosa. The decrease in cell numbér during disinfection is around
50%. The ca‘lculated detachment rate decreases accordingly (Figure 25).
The same effect is observed in thé binary population biofilm system

(Figure 21). The K. pneumnoniae biofilm system also behaved similarly
(Figure 23). These results show that monochloramine does not promote

detachment in these systems.
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CONCLUSIONS

The following conclusions are made based on the results obtained in’
expefimental studies of monochloramine treatment of biofilms of

K. pneumon/‘ée and P. aeruginosa.

1) Decay rate is a complex function of initial viable cell density.

2) Disinfection predominates over detachment.

3) There is no evidence of species interactions during disinfection.

4) Abiotic particles reduced biocide efficacy.

) There is a significant difference between measures of respiratory activity

and colony forming units during disinfection.
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RECOMMENDATIONS
The recommendations that follow are offered as improvements on the
experihental design used in this research or as new approachés that could
yiel—d valuable inférmation concerni'ng the mechanisms of biofilm resistance
“to antimicrobial agents. _
Physiological probes Biofilms are thought to‘be more resistant to biocides by
virtue of physiological differences from their planktonic counter.parts. To
investigate this possfbility, physiological probes such as respiratory activity
indicators (CTC), growth rate indicators (RNA probes), and gehe probes
could be used in c.onjunction with embedding and sectionipg (Yu et al
' (1994)) to visualize physiological gradients within the biofilm.
'Microelectrddes Microelectrodés should be developed to study the
penetration of biocides into biofilms. Concentration profiles thus obtaiﬁed
wbuld allow an immediate ass_,essmeﬁt of the abilify of a biocide to penetrate
the biofilm. These results could also bé used to verify ﬁathematical mo,_dels
of biocide action on biofilms. Together with the application of physiological
probes, microelectrode measuremenfs would help to identify and understand
mechanisrﬁs c;f biofilm resistance to biocides.
'Samp'ling In this thesis separate reactors were analyzed for biofilm and bulk
fluid dynamics. This approach .grew out of a monopopulation system that
gave reproducible biofilms. With the binary population biofilms, this

approach was not efficient. The data collected _c)ri bulk fluid dynamics are
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difficult to interpret since nothing is known about the highly variable biofilm.
In the future, bulk‘ fluid and biofilm sampling should be performed on the

same reactor.

Time scale In this thesis research, data were collected over a one or two
hour disinfection period. It would be valuable to extend the analysis over a
longer period, perhaps on the order of a day, so as to capture the

phenomenon of recovery.
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APPENDICES

The appendix section of the thesis 'c,ontains' all the raw data obtained during
the experiments. The data can be broadly clasgiﬁed as;

Growth and regrowth data : The data obtained from the effluent of the
reactor before and after biocide addition, the first regrowth data obtained
after 24 hrs of withdrawal of biocide. |

Disinfection data‘ : The data obtained during the addition of monochloramine
into the reactor. The data collection was of two types. For in situ biofilm
disinfection, plate count data, total cell count data and TOC.were measured.
For bulk fluid disinfection, plate cdunt data, total cell count data, TOC, SOC,
glucose and monochloramine cohcentrations were obtained.

Oxygen flux into_the biofilm : The concentration profile of oxygen in a
binary population biofilm was obtained during the disinfection process in a
flow cell.

Effect of abiotic particles : disinfection data observing the effects of addition

of abiotic particles into the reactor system of a binary population biofilm.

Calculated values of glucose consumption rate, monochloramine

consumption rate, and detachment rate coefficient.
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APPENDIX A

This section contains data for biofilm system of P.aeruginosa

Table 11 _Growth and recovérv

The biocide was added at 216 hrs for a period of one hr.

Time (hrs) X, (cfu/mi)
0 0
24 1.1E06
48 2.9E06
72 4.7E06
96 1.4E07
144 2.2E07
168 2.94E07
192 2.94E07
216 2.63E07
240 4.4E06
264 1.5E07
336 1.26E07
360 9.9E06
384 1.2E07

X.v is the amount of cells present in the bulk fluid.

Table 12 Biofilm analysis, run 1

Time Xy ' Xor TOC
(hrs) {cfu/m?) (#/m?) (mg/m?)
0.000 . 3.77E12 4.07E12 370
0.083 6.2E11 3.89E12 360
0.167 1.42E11 3.98E12 428
0.25 1.7E10 3.81E12 460
0.50 2.0E09 4.01E12 v 377
0.75 4.33E08 4.47E12 423
1.0 2.53E08 4.17E12 410

2.0 2.45E07 = e -—




Table 13 Biofilm analysis, run 2

Time Xby

(hrs) (cfu/m?)
0.000 1.83E13
0.50 7.42E10

1.0 , 3.83E09

Table 14 Biofilm analysis, run 3
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Time X,

(r) - - . (cfu/m?)
0.000 8.41E12
1.000 7.76E08

Xy, and X,; are the number of viable and total cells in biofilm respectively.

Table 15 Bulk fluid analysis

Time X, X TOC socC Glu Mon

hrs (cfu/mL) (#/mL) (mg/L) (mg/L) {(mg/L) (mg/L)
0.000 2.5E07 3.5EQ7 8.5 6.7 0.5 4.0
0.083 1.1E05 2.4E07 24.8 13.1 9.6 0.5
0.167 - 3.0E07 29.7 15.5 13.4 0.5
0.25 ———mmee 1.8E07 35.1 13.1 18.1 0.5
0417 e 2.1E07 36.1  21.5 18.3 0.5
0.7 = e - 1.5E07 36,6 29.5 19.5 0.5
1.0 . --- 9.0EQ07 35.7 19.1 0.5

X,, and X_; are the number of viable and total cells in the effluent

respectively.
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APPENDIX B

This section contains data for the biofilm system of K.pneumoniée.

Table 16 Growth and recovery, run 1

The biocide was added at 120 hrs for a period of one hr.

Time Xev

(hrs) {cfu/ml)
0 0

24 3.19E06
48 3.67E07
72 4.67E08
926 8.67E07
120 6.33E07
144 3.05E07
168 4.25E07
192 6.17E07

Table 17 Growth and recovery, run 2.

The biocide was added at 144 hrs for a period of one hr.

Time . Xev

(hrs) (cfu/mil)
0 ' -0

24 5.0E03
48 | 9.0EO5
72 -
926 8.35E05
120 4,33E07
144 9.6E07
168 3.18E07
192 . 4.7E07

216 5.5E07




Table 18 Biofilm analysis, run 1
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Time

Xov . Xt TOC
(hrs) (cfu/m?) (#/m?) (mg/m?)
- 0.0000 1.1E12 1.12E12 1012.5
0.167 3.34E11 6.87E11 208.6
0.25 6.47E10 5.13E11 198.3
0.5 1.02E10 1.24E11 2980.8
0.75 4.51E09 - 9.25E10 129.2
1.0 1.24E09 9.16E10 131.76
1.25 8.89E08 7.21E10 90.54
1.5 1.5E08 "~ 3.72E10 149.75
2.0 1.7E07 3.1E10 174.8
Table 19 Biofilm analysis, run 2
Time Xy Xor TOC
(hrs) (cfu/m?) (#/m?) "~ (mg/m?)
0.0000 1.42E11 1.09E12 198.75
0.0000 5.59E11 1.89E12 105.39
0.167 2.23E10 1.47E12 279.0.
0.167 1.1E10 1.57E12 100.35
0.25 1.43E10 1.31E12 92.38
0.5 3.0E10 1.32E12 1207.34
0.75 2.01E10 3.24E12 1701.02
1.0 2.7E10 - 1.67E12 174.99
1.0 1.75E10 1.35E12 396.91
1.25 2.57E10 9.4E11 384.69
1.5 2.13E10 9.11E11 239.37
2.0 1.98E09 6.5E11 - 1370.11




Table 20 Biofilm analysis, run 3

115

Time Xy Xt TOC
(hrs) (cfu/m?) (#/m?) (mg/m?)
0.0000 9.5E10 1.12E12 237.98
0.167 1.63E10 6.87E11 567.76
0.25 9.21E09 5.13E11 1005.76
0.5 3.68E09 1.24E11 167.89
0.75 1.62E10 9.25E10 127.98
1.0 8.16E09 9.16E10 234.65
1.25 7.52E09 7.21E10 342.32
1.5 3.19E09 3.72E10 212.11
2.0 2.1E09 3.1E10 131.09
Table 21 Bulk fluid analysis, run 1
Time Key Xer TOC SOC Glu Mon
hrs (cfu/mL) (#/mL) (mg/L) (mg/L) (mg/L) (mg/L)
0.000 4.34E07 4.58E08 3.7 2.4 0.001 4.0
0.083 3.38E07 1.54E08 35.1 79 0.83 1.6
0.167 9.83E07 1.02E08 32.2 9.81 0.24 1.9
0.25 1.31E07 2.89E08 22.6 6.8 2.29 3.0

£ 0.333 7.78E06 2.94E08 16.4 7.8 4.72 3.1
0.416 2.4E06 1.56E08 23.3 6.6 1.08 3.1
0.5 6.7E05 1.25E08 156.1 6.4 3.51 3.2
0.583 3.75E05 1.27E08 12.2 6.2 3.12 3.25
0.666 4.44E05 1.21E08 11.9 5.9 4,55 3.45
0.75 2.63E05 1.03E08 84 6.8 2.62 3.55
0.833 1.55E05 1.2E08 9.1 5.9 9.19 3.65
0.916 9.2E04 9.84E07 8.7 5.9 9.91 3.65
1.0 9.8E04 9.4E07 7.4 5.2 10.35 3.65




Tablé 22 Bulk fluid analysis, run 2
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X

Time Xey TOC SOC ‘Glu  Mon
hrs (cfu/mL) (#/mL) (mg/L) (mg/L) (mg/L) (mg/L)
0.000 1.29E07 1.56E08 " 17.22 16.7 0.001 4.0
0.083 2.31E06 2.26E08 15.84 8.37 2.843 1.8
0.167 ‘4,95E05 1.96E08 16.06 5.98 2.86 2.0
0.25 6.33E05 2.47E07 15.08 8.61 1.54 3.25
0.333 1.02E06 1.98E08 15.09 8.03 2.35 3.5
0.416 4.05E05 1.98E08 16.45 9.55 3.19 3.65
0.5 1.29E05 2.11E08 16.86 15.3 1.52 3.6
0.583 3.67E04 2.09E08 15.73 9.30 1.96 3.565
0.666 1.59E05 2.27E08 16.99 10.0 1.79 3.55
0.75 1.23E05 2.16E08 21.43 10.1 1.65 3.6
0.833 1.99E05 1.57E08 14.42 9.77 4.55 3.6
0.916 1.69E05 9.66E07 13.0 12.4 8.97 3.65
1.0 1.8E05 8.99E07 © 13.89 16.8 5.82 3.85




117

APPENDIX C

I

This section contains data for the binary population biofilm consisting of

Table 23 Growth and recovery, run 1

The biocide was added at 144 hrs for a period of one hr.

Time (hrs) Xov Xev Xev
K.pneumonaie P.aeruginosa total
0 0 0 0
24 . 1.0E05 1.0E05 2.0EO5
48 2.29E07 1.67E07 2.457E07
72 2.25E07 1.85E07 4.1E07
96 2.85E07 1.2E07 4.05E07
120 5.97E07 1.55E07 7.52E07
144 4.67E06 3.67E06 8.34E06
168 2.56E06 1.01E06 3.57E06.
192 2.15E07 1.72E07 3.87E07
216 1.95E07 1.82E07 3.77E07
240 3.0E07 1.23E07 4.23E07

Table 24 Growth and recovery déta, run 2

- The biocide was added at 144 hrs for a period of one hr. -

Time (hrs) Xev Xy Xov
K. pneumonaie P. aeruginosa total

0 50 50 100 .
24 3.5E03 1.5E03 5.0E03
48 4.6E05 "4.4E05 9.0EO05
72 e
96 4.4E05 3.95E05 8.35E05
120 '3.0E07 1.33E07 4.33E07
144 - 5.8E07 - 3.8E07 9.6E07
168 1.2E07 - 1.98E07 3.18E07
192 9.8E06 3.72E07 4,7E07
216 4.9E07 5.5E07

6.0EO6
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Table 25 Biofilm analysis, run 1

Time X, K.pneumoniae X, P.aeruginosa Xpr, total  TOC
(hrs) (cfu/m?) (cfu/m?) (cfu/m?) (mg/m?)
0.0000 3.3E11 1.66E12 8.13E12 3525
0.0000 - 2.01E11 . 1.56E12 7.41E12 1125
0.083 - 3.46E11 1.14E12 8.32E12 2853.8
0.167 9.25E10 4.7E11 6.46E12 1509
0.25 8.63E10 2.12E11 6.92E12 740.3
0.5 3.94E10 1.15E11 5.62E12 1598.7
0.75 . 1.97E10 1.22E09 4.9E12 623.3
1.0 2.77E09 1.86E08 5.5E12 612.7
1.25 1.37E09 1.55E07 4.57E12 392.6 -
1.5 1.31E09 <1000 4,17E12 357.5
2.0 6.49E08 <1000 . 4.27E12 358.2
Table 26 Biofilm analysis, run 2

Time X, K.pneumoniae X, P.aeruginosa X TOC
(hrs) (cfu/m?) (cfu/m?) (#/m?) (mg/m?)
0.0000 3.55E11" - 1.4E12 1.7E12 442.8-
0.0000 2.34E11 1.91E12 2.13E12 409.8
0.167 1.23E11 7.41E11 1.74E12 609
0.167 2.57E11 7.24E17 1.66E12 356.8
0.25 2.42E10 3.8E11 1.48E12 305.5
0.5 4.27E09 2.04E09 1.45E12 344
0.75 7.41E09 7.94E08 1.36E12 673
1.0 1.578E09 1.82E08 1.17E12 323
1.0 5.75E08 1.95E07 1.07E12 259
1.25 7.59E08 2.63E08 1.1E12 393

1.5 9.77E08 1.58E08 8.51E11 342
2.0 5.25E07 8.71E07 6.24E11 286.3




Table 27 Biofilm analysis, run 3

Time X,, K.pneumoniae X,, P.aeruginosa X,; TOC

~ (hrs) (cfu/m?) {cfu/m?) (#/m?) (mg/m?)
0.0000 1.35E11 3.63E10 3.39E11 357
0.0000 1.14E11 1.62E10 3.24E11 271.3.
0.167 1.26E10 4.9E08 1.74E11 201.45
0.25 5.5E09 3.63E08 . 1.66E11 208.9
0.5 3.55E09. 2.29E08 1.32E11 149.6
0.75 1.66E09 1.41E08 1.29E11 4381
1.0 3.63E09 7.24E07 1.25E11 260
1.0 5.25E09 1.82E08 1.26E11 419
1.25 1.0E09 1.05E08 9.55E10 3944
1.6 1.86E09 4.47E07 9.33E10 1344.3
2.0 1.29E09 4.37E07 - 7.91E10 1456
Table 28 Biofilm analysis, run 4
Time X, K.pneumoniae X, P.aeruginosa Xt
(hrs) (cfu/m?) (cfu/m?) (#/m?3)
0.0000 1.12E14 3.35E13 1.73E14
0.25 1.05E14 2.31E13 1.69E14
0.5 6.44E13 4.06E12 7.28E13
0.75 7.4E13 3.34E12 6.49E13
1.0 4.38E13 2.31E12 6.92E13
1.5 5.89E13 -9.55E11 1.29E14
2.0 5.16E13 1.27E12 1.22E14
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Table 29 Biofilm analysis, run 5

Time Xpw K.pneumoniae X, P.aeruginosa Xt
(hrs) (cfu/m?) "~ (cfu/m?) (#/m?)
0.0000 1.82E13 1.31E11 2.65E13
0.25 6.9E12 1.39E11 2.48E13
0.5 5.77E12 1.61E11 2.51E13
0.75 - 7.8E12 1.55E11 2.22E13
1.0 4.94E12 1.16E11 2.31E13
1.25 7.45E12 1.97E11 2.22E13
1.5 6.9E12 1.32E11 1.27E13
2.0 4.99E12 4.64E10 1.4E13
Table 30 bulk fluid analysis, run_1
Time Xev Xer. TOC SOC Glu Mon
hrs (cfu/mL) (#/mL) (mg/L) (mg/L) (mg/L) (mg/L)
K. pneum - P. aeru :
0.000 2.09E06 3.89E06  1.73E07 4,162 1.432 0.55- 4.0
0.083 6.75E05 4.33E04 2.26EO08 3.339 1.648 0.72 0.5
0.167 4.99E03 8.71E03 7.62E06 4,714 3.086 0.55 0.30
0.250 6.6E02 8.71E03 7.09E06 4,411 3.849 0.72 0.25
0.333 1.26E02 2.19E03 9.93E06 1.516 1.343 0.66 0.20
0.416 1.99E02 1.08E03 7.06E06 14.69 2.19 0.77 0.25
0.500 1.6EO01 3.16E02  3.65E06 78.27 1.983 0.83 0.25
0.583 8.99E06 15.30 1.555 0.77 0.25
0.666 4.72E06 16.38 1.635 0.72 0.30
- 0.75 6.22E06 22.83 b5.664 4,66 0.30
0.833 2.70E06 2.59 1.504 0.66 0.30
0.918 3.94E06 217 1.769 1.4 0.30
1.0 2.98E06 2.05 1.921 0.25- 0.35
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Table 31 Bulk fluid analysis, run 2

4.35E06

Time Xoy X7 TOC SoC Glu Mon
hrs (cfu/mL)  (#/mL) "~ (mg/L) (mg/L) (mg/L) (mg/L)
K. pneum P. geru

0.000 9.13E06 3.36E07 6.59E07 2.79 1.63 0.19 4.0
0.083 1.01E07 1.50E07 8.15E07 -5.66 4.52 1.18 0.1
0.167 6.65E07 1.93E07 7.47E07 6.18 1.85 0.49 0.1
0.250 3.02E07 3.04E07 - 8.20E07 8.49 4.01 0.80 0.15
0.333 1.68E07 2.25E07 8.49E07 7.77 3.13 1.24 0.15
0.416  2.20E07 /2.40E07 7.90E07 7.70 3.22 2.07 0.2

-~ 0.500 1.32E07 1.80EO07 8.44E07 8.27 3.80 1.90 0.25
0.583 1.77E07 2.15E07 9.31E07 6.94 3.38 2.95 0.25
0.666 7.83E06 1.08E07 7.98E07 7.23 3.42 3.01 0.35
0.750 5.83E06 5.70E06 8.71E07 6.07 3.52. 2.62 0.38
0.833 7.00E06 5.46E06 6.51E07 5.56 3.56 3.84 0.4
0.916 4.90E0O6 3.50E06 4.77E07 5.48 4.01 5.16 0.43
1.000 1.10E06 2.70E06 4.57E07 5.18 1.03 4.96 0.45
Table 32 Bulk fluid analysis, run 3
Time Xo Xer TOC SoC Glu Mon -
hrs - (cfu/mL) (#/mL)  (mg/L) (mg/L) (mg/L) (mg/L)

K. pneum P. aeru _

0.000 4.67E06 3.67E06 6.40E07 3.64 2.98 '0.19 4.0
0.083 6.33E06 2.66EO6  6.80EO7 5.84 4.87 1.29 1.0
0.167 1.51E06 6.67E05 '6.92E07 9.67 7.82 0.99 0.85°
0.250 1.52E06 1.16E06 7.25E07 14.08 8.76 1.08 0.7
0.333 1.83E06 5.34E06 6.95E07 10.65 8.03 1.26 0.75
0.416 6.67E05 3.33E0H 6.86E07 7.98 6.78 1.42 0.75
0.500 3.48E06 8.11E0b 6.97E07 8.69 5.89 1.37 0.85
0.583 8.95E06 1.33E06 7.08E07 10.43 9.67 1.86 0.9
0.666 8.47E06 6.2E05 6.89E07 12.62 6.98 1.87 0.85
0.750 6.25E06 8.12E05 . 6.79E07 8.09 6.59 2.64 0.85
0.833 4.36E06 7.16E05 5.98E07 7.49 6.98 2.25 0.9
0.916 3.77E06 4.84EQ05 5.98E07 9.32° 6.11 3.28 0.85
1.000 3.25E05 5.68E07 6.98 3.82 3.1 0.9
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APPENDIX D

Abiotic- particles (calcium carbonate and kaolin), were added to a

biofiim 7 days old for an hour. The particles were flushed out of the bulk
fluid for an hour.and 4 mg/L monochloramine was added to the system for

an hour.

Table 33 Biofilm analysis

Time Xy K. pneumoniae Xy, P.aeruginosa
(hr) (cfu/m?) (cfu/m?)

0.000 (control) 1.44E12 2.38E12

0.000 4.56E11 1.31E12

0.167 4.57E11 5.72E11

0.25 8.12E10 3.4E11

0.5 1.33E11 2.47E11

1.0 2.47E10

7.57E10

Binary population biofilms were grown along with the abiotic particles (50

mg/l). Monochloramine was added after 6 days.-

Table 34 Biofilm analysis

Time Xovr K.pneumoniae Xbv, P.aeruginosa
(hrs) (cfu/m,) (cfu/m?)
0.000 9.2E11 1.2E12
0.25 1.75E12 2.77E11
0.5 4.062E11 4.31E10
0.75 1.877E11 1.231E10
1.0 3.231E10 1.54E09
1.5 1.63E10 6.154E08
2.0 3.046E10 9.23E08
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APPENDIX E

Calculated glucose consumption rates (Rs) for all types of populatlons Rg is
obtained' from Equation 5.

Table 35 K. pneumoniae, run 1

Time GLUC dS/dt RS
(min) (mg/L) (mg/m? -hr)
0o ' 0.0004 -0.0301 0.999
5 - 1.1372 -0.0201 0.917
10 1.1396 -0.0101 0.988
15 0.614 -0.0001 1.181
20 0.94 0.0099 1.151
25 1.276 0.0199 1.126
30 0.608 0.0299 ~1.295
35 0.784 0.0399 1.015
40 0.716 0.0499 0.745
45 0.66 0.0599 0.632
50 1.82 0.0699 0.561
55 3.588 0.0799 0.382
60 2.328 0.0899 0.722

Table 36 K. Pneumoniae, run 2

Time GLUC dS/dt - Rs
(min) mg/L (mg/m?-hr)
0 0.0004 -0.0319 1.455
5 0.3312 -0.0189 1.355
10 0.096 -0.0059 . 0.677
15 0.916 0.0071 1.168
20 1.888 0.0201 0.957
25 0.432 0.0331 1.160
30 1.404 0.0461 0.952
35 1.248 0.0591 0.934
40 1.82 '0.0721 0.793
45 1.048 0.0851 ~ 0.879
50 3.676 0.0981 0.392
55 3.96 0.1111  0.299

60 4.14 0.1241 0.225




Table 37 P. aeruginosa
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Time GLUC ds/dt Re
(min) "~ (mgl/L) (mg/m?2-hr)
0 0.2 0] 1.312

5 3.84 0.5408 -1.14

10 5.36 0.3648 -0.80

15 7.24 0.1888 -0.51

25 7.32 0.0238 0.033

45 7.8 0.0078 0.006

60 7.64 -0.0042 0.074

ds/dt was evaluated using two fits

0-15, §=-.0176T2+.7168T+.3240
15-60, $=-.0004T2+.0438T +6.6185

- Table 38 Binary, run 1.

Time GLUC dS/dT Rg

(min) {mg/L) (mg/m?-hr)
0 0.22 0.0201 1.00
5 0.288 0.0181 1.08
10 0.22 0.0161 1.24
15 0.288 0.0141 1.19
20 0.264 0.0121 1.28
25 0.308 0.0101 1.33
30 - 0.332 0.0081 - 1.43
35 0.308 0.0061 1.51
40 0.288 0.0041 1.58
45 : 1.864 0.0021 1.31
50 0.264 0.0001 1.63
55 0.56 -0.0019 1.56
60 0.1 -0.0039 1.61




Table 39 Biharv, run 2

125

Time GLUC dS/dt Rg
(min) (mg/L) (mg/m?3-hr)
0 . 0.1 -0.0074 1.36
5 0.22 -0.0034 1.32
10 0.236 0.0006 1.3
15 0.296 0.0046 1.28
20 0.268 0.0086 1.27
25 0.356 0.0126 1.24
30 0.344 0.0166 1.23
35 0.272 0.0206 1.23
40 0.288 0.0246 1.21
45 0.712 0.0286 1.13
50 1.08 0.0326 1.05
55 1.04 0.0366 1.05
60 1.12 0.0406 1.02
Table 40 Binary, run 3
Time GLUC ds/dt Re
(min) (mg/L) (mg/m?3-hr)
0o 0.0776- -0.007 1.36
5 0.7488 -0.003 1.23
10 0.1988 0.001 1.31
15 0.3204 0.005 1.28
20 0.497 0.009 1.23
25 0.828 0.013 1.16
30 0.764 0.017 1.16
35 1.176 0.021 1.08
40 1.204 0.025 1.06
45 1.048 0.029 1.07
50 1.5636 0.033 0.98
55 2.064 0.037 0.87
1.984 0.041 0.87

60




Table 41 Binary, run 4
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Time GLUC ds/dt ' Rg
(min) (mg/L) ‘ (mg/m2-hr)
0 0.0816 0.0084 1.30
5 0.5184 0.0094 1.22
10 0.3956 0.0104 1.24
15 0.432 0.0114 1.23
20 0.504 0.0124 1.21
25 0.568 0.0134 1.20
30 0.548 0.0144 1.20
35 0.742 0.0154 1.16
40 0.746 0.0164 1.16
45 1.056 0.0174 1.10
50 0.9 0.0184 1.13
55 1.312 0.0194 1.06
60 1.24 0.0204 1.06
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APPENDIX F

Calculated monochlorarhine consumption rate for all types of population.

Table 42 K. pneumoniae ,run 1

Time M dM/dt Ry,
(hr) (mg/L) (mg/m2-hr)
0 4 . -0.05b 0.01
5 1.8 0.00037

10 2.0 0.000337

15 3.25 -0.02075 0.011
20 3.5 0.0075 0.003
25 3.6b 0.0065° - 0.002
30 3.6 0.0055b 0.002
35 3.55 0.0045 0.003
40 3.5b 0.0035  0.003
45 3.6 0.0025 0.003
50 3.6 0.0015 0.003
b5 3.65 - 0.0005 0.003
60 3.85 -0.0005 0.001

Table 43 K. pneumoniae, run_2

Time M dM/dt Ru
(min)  {mg/L) (mg/m?2-hr)
0 4 -0.06667 0.013
5 1.6 0

10 1.9 0

15 3 -0.02425 0.015
20 3.1 0.0172  0.005
25 3.1 0.0162 - 0.005
30 3.2 0.0152 0.004
35 3.25 0.0142 0.004
40 3.45 0.0132 0.002
45 3.556 0.0122 0.002
50 3.65 0.0112 0.001
55 3.65 0.0102 0.001
60 3.65 0.0092 0.001
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Table 44 P. aeruginosa

Time M dM/dt Ru

(min) {mg/L) - {mg/m?hr)
0 4 -0.7 0.143

5 0.5 -0.35 0.107

10 0.5. 0 0.035

15 0.5 0 0.035

25 0.5 0 0.035

45 0.5 0o 0.035

60 0.5 0 0.035

Table 45 Binary.run 1

Time M dM/dt - Ru
(min) (mg/L) (mg/m?-hr)
0 4 -0.7- 0.143
5 0.5 ~ -0.35585 0.108
10 0.3 -0.0097 0.039
15 0.25 -0.0077 0.039
20 0.2 -0.0057 0.039
25 0.25 -0.0037 . 0.038
30 0.25 -0.0017 0.038
35 0.25 0.0003 0.037
40 0.3 0.0023 0.036
45 0.3 0.0043 0.036
50 0.3 0.0063 0.036
b5 0.3 0.0083 0.035
60 0.35 0.0103 0.034
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Table 46 Binary, run 2 -

Time M dm/dt R
(min) (mg/L) (mg/m?hr)
0 4 -0.78 0.160
5 0.1 -0.38695 -0.118
10 0.1 0.0061 0.038
15 0.15 0.0061 0.037
20 0.15 0.0061 0.037
25 0.2 .0.0061 0.037
30 0.25 0.0061 0.036
35 0.25 0.0061 0.036
40 0.35 0.0061 ' 0.035
45 0.375 0.0061 0.035
50 0.4 0.0061 : 0.035
55 0.425 0.0061 0.034
60 0.45 0.0061 0.034
Table 47 Binary, run 3

Time M dm/dt Ru
(min) (mg/L) (mg/m?-hr)
0 4 -0.6 0.123
5 1 -0.303565 0.092
10 0.85 -0.0061 0.033
15 0.7 -0.0051 0.034
20 0.75 -0.0041 0.033
25 - 0.75 -0.0031 0.033
30 0.85 -0.0021 0.032
35 0.9 -0.0011 _ 0.031
40 0.85 . -0.0001 _ 0.033
45 0.85 0.0009 0.031
50 0.9 0.0019 : 0.030
55 0.85 0.0029 0.031
60 0.0039 0.030

0.9
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APPENDIX G

Calculated detachment rate coeffiicent for all types of populations.

Table 48 K. pneumoniae, run 1

Time dX/dt Xo K,
(min) L - (#/mL) (#/m?-hr)
0] 4210000 1.66E+08 2.44E+12
) 3400000 2.27E+08. 2.99E+12
10 2590000 1.96E+08 2.51E+12
15 1780000 24700000 6.1BE+ 11
20 970000 1.98E+08 2.20E+12
25 160000 1.98E+08 2.03E+12
30 -650000 2.11E+08 2.00E+12
35 -1460000 2.09E+08 "1.80E+12
40 -2270000 2.27E+08 1.83E+12
45 -3080000 - 2.16E+08 1.55E+12
50 -3890000 1.57E+08 7.87E+ 11
b5 -4700000 96600000 1.086+10
60 -5510000 89900000 -2.2E+11
Table 49 /K. pneumoniae,run 2
Time dX/dt Xp Kq
(min) (#/mL) (#/m3-hr)
-0 5355000 45800000 1.66E+12
5 4305000 1.54E+08 2.44E+12
10 3255000 1.02E+08 " 1.70E+12
15 2205000 2.89E+08 " 3.37E+12
20 1155000 2.94E+08 3.21E+12
25 105000 1.56E+08 1.60E+12
30 -945000 1.25E+08 1.07E+12
35 -1995000 1.27E+08 8.73E+ 11
40 -3045000 1.21E+08 5.97E+ 11
45 -4095000 1.03E+08 2.00E+ 11
50 -56145000 1.20E+08 1.56E+ 11
55 -6195000 98000000 -2.8E+11 -
60 -7245000 94000000 -b.4E+11




Table 50 P. aeruginosa
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TIME dX/dt Xp K,

(min) - (#/mL) (#/m>3-hr)
0] -591000 35000000 2.32E+11
5 -551000 24000000 1.29E+ 11
10 -511000 30000000 1.98E+ 11
15 -471000 18000000 8.51E+10
25 -391000 21000000 1.32E+11.
45 -231000 15000000 1.04E+ 11
60 -111000 9000000 6.81E+10
Table 51 Binary,run 1

TIME =~ = dX/dt X Ky

{min) (#/mL) (#/mZ2-hr)

0 -310000 17300000 1.11E+ 11
5 -283880 8490000 2.75E+ 10
10 -257760 7620000 2.40E+10
15 -231640 7090000 2.41E+10
20 -205520 9930000 5.81E+ 10
25 -179400 7060000 3.45E+10
30 -153280 - 3650000 5.40E+09
35 -127160 8990000 6.47E+10
40 -101040 4720000 2.69E+10
45 -74920 6220000 4.74E+ 10
50 -48800 2700000 1.73E+10
55 -22680 3940000 3.51E+10
60 ) 3440 2980000 3.08E+10




Table 52 Binary, run 2
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60 -140000

56800000

Time  dX/dt Xo Kq
(min) (#/mL) (#/m>-hr)
0] -1770000 65900000 1.03E+12.
5 1418000 81500000 1.11E+12
10 1066000 74700000 9.73E+ 11
15 714000 82000000' 9.75E+11
20 362000 84900000 - 9.32E+ 11
25 10000 79600000 8.06E+ 11
30 -342000 84400000 7.82E+11
35 -694000 93100000 7.98E+11
40 -1046000 . 79800000 5.91E+ 11
45 -1398000 87100000 - 5,93E+ 11
50 -1750000 65100000 2.98E+11
55 -2102000 47700000 5.03E+10.
60 -2454000 45700000 _ -4.2E+10
Table 63 Binary, run 3
TIME dX/dt Xp K,
(min) (#/mL) - (#/m2-hr)
0 520000 64000000 7.53E+11
5 465000 68000000 7.82E+11
10 410000 69200000 7.83E+11
15 355000 72500000 8.05E+11
20 300000 69500000 7.63E+11
25 i 245000 68600000 7.43E+11
30 190000 69670000 7.43E+ 11
35 135000 70800000 7.43E+ 11
40 - 80000 68900000 7.12E+ 11
45 25000 . 67910000 6.91E+ 11
50 _ -30000 59800000 5.98E+11
b . -85000 59800000 5.86E+11

5.45E+ 11
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APPENDIX H

This appendix contains data of oxygen concentration profiles during
monochloramine disinfection.

Table 54. Oxygen profiles in binary culture at t=0

depth pA/100 dev/100 avg O, concentration
(um) - - (mmol/m?3)
-2515 -0.710 0.0127° 0.250
-2415 -0.657 0.0143 0.229
-2315 -0.748 0.0114 0.264
-2215 -0.627 0.0072 0.218
-2115 -0.622 0.0125 0.216
-2015 -0.649 0.0109 0.226
-1915 -0.639 0.0034 1 0.222
-1815 -0.591 0.0076 0.204
-1715 -0.670 0.0118 0.234
-1615 -0.693 0.0103 0.243
-1515 -0.630 0.0105 0.219
-1415 -0.600 0.0113 0.207
-1315 -0.606 0.0047 0.210
-1215 -0.582 0.0083 0.200
-1115 -0.569 0.0112 0.195
-915 -0.592 0.0120 0.204
-815 -0.568 ~ 0.0035 0.195
-715 -0.569 - 0.0059 0.196
-615 - -0.535 0.0119 0.182
-515 -0.488 0.0135 0.164
-415 -0.528 0.0022 0.180
-315 -0.543 0.0104 0.186
-215 -0.447 0.0107 0.149
-190 . -0.440 0.0086 0.146
-165 -0.450 0.0056° 0.150
-140 -0.436 0.0055 ' 0.144
-115 -0.440 0.0119 0.146
-90 -0.432 0.0118 0.143
-65 -0.416 0.0114 - 0.136
-40 --0.416 0.0105 0.136
-10 ' -0.443 0.0044 0.147
-5 -0.432 0.0109 0.143

0 -0.418 0.0065 0.138
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Table 55 Oxvaen profiles in binary culture at t=5

depth pA/100 + dev/100 avg O, concentration
{(um) (mmol/m?)
-1800. -0.826 0.0059 0.255
-1600 -0.812 0.0089 0.250
~ -1400 -0.818 0.0049 0.252
-1200 -0.793 0.0093 0.244
-1000 -0.699 0.0070 0.207
-800 -0.680 0.0084 0.201
-700 -0.710 0.0135 0.211
-600 -0.683 0.0106 0.202
-500 -0.661 0.0082 0.195
-400 -0.684 0.0039 0.202
-300 -0.680 0.0103 0.201
-275 -0.655 0.0033 0.193
-250 -0.629 0.0093 . 0.184
-225 -0.622 0.0220 0.182
-200 -0.605 0.0072 0.177
-175 -0.591 0.0090 0.172
-150 -0.598 0.0078 0.174
-125 -0.561 0.0082 0.162
-100 -0.563 0.0076 0.163
-90 -0.549 - 0.0091 0.159
-80 ~ -0.555 0.0130 0.160
-70 -0.552 0.0084 0.159
-60 -0.539 0.0098 0.155
-50 -0.544 0.0100 0.157
-40 -0.546 0.0116 0.158
-30 -0.542 0.0045 0.156
-20 -0.548 0.0110 0.158
-10 -0.347 0.0058 0.093
0o -0.283 0.0121 0.072

Where

pA (pico amperes) is current read from the measurements

dev is the standard deviation
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Table 56 Oxygen profiles in binary culture at t=10

depth pA/100 -  dev/100 avg O, concentration
(um) (mmol/m3)
-2000 -0.810 0.0086 0.250
-1800 -0.794 0.0108 - 0.244
-1600 -0.793 0.0079 0.244
-1400 -0.683 0.0104 0.207
-1200 -0.740 0.0382 0.226
-1000 --0.712 0.0037 0.206 -
-800 -0.777 0.0244 . 0.227
-600 -0.655 0.0181 0.188
-400 -0.581 0.0062 0.164
-300 -0.590 0.0054 0.167
-200 -0.607 0.0070 0.173
-100 -0.551 0.0199 0.155

-75 -0.568 0.0106 0.161

-50 -0.548 0.0077 0.154

-25 -0.506 0.0041 0.141

Table 57 Qxygen profiles in binary culture at t=15

depth pA/100 dev/100 avg O, concentration
(um) (mmol/m?3)
-1000 -0.862 0.007935 -0.20584
-800 -0.858 0.004446 0.204843
-600 -0.825 0.009777 0.196322
-500 -0.850 0.005755 0.202587
-400 -0.825 0.007765 0.196325
-300 -0.819 0.007091 '0.194823
-200 -0.806 0.004873 0.191445
-175 -0.802 0.004794 0.190444
-150 -0.775 0.011405 0.183424
-125 -0.762 0.009182 0.180171
-100 -0.733 0.008374 0.172785
-75 -0.7‘19: 0.004315 " 0.169035
-50 -0.700 0.00591 0.164275
-25 -0.667 0.003894 0,155889
-15 -0.679 0.007301 0.158889
-5 -0.5b9 0.002692 0.128095
0 -0.483 0.005259 0.10856




|

136

Table 58 Oxvygen profiles in binary culture at t=30

depth pA/100 dev/100 avg O, concentration
(um) (mmol/m?®)
-1005 -0.880 0.0038 0.207
-805 -0.853 0.0093 0.200
-605 -0.827 0.0051 0.193
-405 -0.802 - 0.0067 0.187
-305 -0.813 0.0073 0.190
-205 -0.791 0.0116 0.184
-155 -0.795 0.0071 ' 0.185
-105 -0.777 0.0073 . 0.181

-80 -0.723 0.0060 0.167
-55 -0.721 - 0.0108 0.166

-30 -0.705 0.0102 ‘ 0.162

-5 -0.662 0.0055 0.152

0 -0.480 0.0074 0.106

Table 59 Oxygen profiles in binary culture at t=45

depth pA/100 dev/100 avg O, concentration

(zm) (mmol/m?3)
-1005 -0.763 0.0039 0.2069
-805 -0.736 0.0063 0.1990
-605 -0.729 0.0044 0.1967
-405 -0.713 . 0.0033 : 0.1923
-305 -0.708 0.0111 0.1905
-205 -0.679 0.0091 0.1821
-155 -0.642 0.0078 0.1712
-105 -0.657 0.0080 0.1757
-80 -0.627 0.0047 0.1670
-55 -0.603 0.0073 0.1598
-30 -0.569 0.0059 0.1499
-5 -0.549 " 0.0077 0.1439

0 -0.514 0.0048 0.1337
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Table 60 Oxvaen profiles in binary culture at t=60 .

depth pA/100 dev/100 avg O, concentration

(um) _ . : (mmol/m?)
-1000 -0.858 0.0104 . 0.210
-800 -0.814 . - 0.0159 0.198
-600 -0.808 0.0103 0.196
-500 -0.719 0.0059 . 0.173
-400 -0.754 . 0.0102 0.182
-300 -0.768 " 0.0050 0.186
-200 -0.745 0.0089 0.180
-100 -0.663 0.0116 - 0.158
-75 : -0.633 0.0081 0.150
-50 . -0.605 0.0103 0.143
-25 -0.526 0.0066 0.122
-15 -0.5602 0.0056- 0.116.
-10 -0.506 0.0041 - 0.117
-5 -0.523 0.0055 . 0121

0 -0.473 0.0113 0.108

Table 61 Oxygen profiles in binary culture at t=0, formaldehyde control.

depth pA/100 ' dev/100 avg O, concentration
(um) - . (mmol/m3)
-1000 ~  -0.375 0.0077 0.209
-800 -0.370 ' 0.0276 0.206
-600 -0.347 0.0048 0.192
-400 -0.307 ' 0.0129 0.167
-300 -0.290 0.0123 0.156
-200 -0.264 0.0115 0.140
-100 -0.253 0.0228 0.133
-75 -0.216 © 0.0181 0.110
-50 -0.212 0.0200 . 0.108
-25 -0.198 ' 0.0293 0.099

0 -0.181 . 0.0280 0.088
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Table 62_Oxygen profiles in binary culture at t=15, formaldehyde control.

depth pA/100 dev/100 avg O, concentration
(um) ' (mmol/m3)
-1000 -0.269 0.0205 0.221
-800 -0.272 0.0105 0.223
-400 -0.268 0.0229 0.219
-300 -0.262 0.0101 0.213
-250 -0.262 0.0058 0.214
-200 -0.268 0.0189 0.219
-150 -0.266 0.0213 0.217
-100 -0.261 0.0063 0.212

-50 -0.267 0.0090 0.219

0 -0.266 0.0220 0.217

Table 63 _Calculated Oxygen flux ratio during disinfection (Equation 12).

Time
{min)

J 1/ (0)

0

5

10
15
30
45
60

00 00 00O O
OOWOdNY

COOO ===
o o
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APPENDIX |

Model

- The values obtained during the simulation of the model as explained in the

discussion section of the thesis are shown in Table 53.
The values for the parameters were obtained from the original experimental

data. The decay rates were assumed arbitrarily.

Xg = 1E+09 (subpopulation)

Xp = 8.5E+11

by = 15.0 (decay rate coefficient of K. pneumoniae)
be = 15.0 (decay réte coefficient of P. .aeruginosa)
fP fraction of P. aeruginosa in biofilm

Xy Total viable cell density

Table 64 The values obtained by plugging in the numbers for the

parameters as described above in equation 15.

Time log X, log X, log X,
(hrs) (cfu/m?) (cfu/m?) (cfu/m?)
fo=0.23 f,=0.834 - f,=0.21
o. 14.16137 12.29885 11.233
.0.167 14.15499 11.8348 10.17
0.25 14.15182 11.6043 9.698798
0.5 14.14228 10.91292 9.039027
0.75 14.13273 10.23782 9.000959
1.0 14.12318 9.63178 9.000023
1.25 14.11364 9.220559 9.000001
1.5 14.10409 9.05437 9.0
2 14.085 9.002346 9.0
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