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Abstract:
Biofouling by sessile microorganisms causes many problems for industry. Chlorine is often applied as
a biocide to remove biofilm or prevent biofilm accumulation. The goal of this study was to determine
the kinetics and stoichiometry of disinfection and detachment of Pseudomonas aeruginosa biofilm by
chlorine. Much of the work was done on in situ biofilm in a RotoTorque reactor. Biofilm cell
detachment and disinfection were observed during biocide treatment. Free chlorine reacted with
biofilm and suspended cells in the RotoTorque reactor. The reaction rates were observed and described
with separate kinetic expressions for the reaction with biofilm and suspended cells.

Results indicate that disinfection dominates detachment in eliminating viable cells from the biofilm,
especially at higher chlorine doses. The reaction of free chlorine with biomass resulted in the formation
of combined chlorine. Combined chlorine may play a significant role in biofilm detachment but is
relatively ineffective in biofilm cell disinfection. 
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ABSTRACT

Biofouling by sessile microorganisms causes many problems for industry. Chlorine is 
often applied as a biocide to remove biofilm or prevent biofilm accumulation. The goal of this 
study was to determine the kinetics and stoichiometry of disinfection and detachment of 
Pseudomonas aeruginosa biofilm by chlorine. Much of the work was done on in situ biofilm in 
a RotoTorque reactor. Biofilm cell detachment and disinfection were observed during biocide 
treatment. Free chlorine reacted with biofilm and suspended cells in the RotoTorque reactor. The 
reaction rates were observed and described with separate kinetic expressions for the reaction 
with biofilm and suspended cells.

Results indicate that disinfection dominates detachment in eliminating viable cells from 
the biofilm, especially at higher chlorine doses. The reaction of free chlorine with biomass 
resulted in the formation of combined chlorine. Combined chlorine may play a significant role in 
biofilm detachment but is relatively ineffective in biofilm cell disinfection.
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INTRODUCTION

The Problem

Accumulation of aquatic microbial cells on surfaces, usually referred to as biofilm, 

causes many problems for industry and often results in costly damage. Loss of heat transfer 

capacity in cooling towers and other heat exchangers is frequently a result of biofilm 

accumulation. Paper mills suffer biofilm-related damage when paper quality is affected by 

biofilm particles that slough from equipment surfaces and become entrained in the process 

stream. Hydraulic resistance in pipelines increases if biofilm is present, resulting in reduced 

flow rates or higher pumping costs. Corrosion is often attributed to the presence of sessile 

microorganisms in aerobic as well as in anaerobic environments although the mechanisms are 

not well understood.

Various methods are used to mitigate biofouling problems. Mechanical cleaning of 

pipelines includes the use of "pigs", i.e., brushes forced through a pipeline by water pressure. 

This practice is common for injection water pipelines used by the oil industry and is even used 

to clean drinking water mains. Anti-fouling coatings have been used with limited success. 

Chemical additives, biocides, are used in combination with mechanical procedures or as the 

sole treatment. Besides removing biofilm, many.cells in the remaining biofilm are killed during 

this type of treatment resulting in increased biofilm recovery times. Oxidizing biocides such 

as chlorine can only be used effectively in predominantly aerobic systems. The application of 

chlorine is common because of its effectiveness and low price. However, its application in 

power plants in the United States has become limited after the U.S. Environmental Protection 

Agency lowered the allowable discharge concentrations of total chlorine residuals to 0 .2  mg/I
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(as Cl2) and restricted discharge to 2 hours a day per plant. The draft Clean Water Act of 

1987 proposes even stricter regulations. Thus, application of chlorine and its influence on 

biofilm processes has become more important in recent years.

This thesis focusses on the relationship between chlorine dose and biofilm detachment 

and disinfection. Pseudomonas aeruginosa biofilms were grown in a continuous flow stirred 

tank biofilm reactor under strictly controlled conditions and treated with chlorine. Material 

balance analyses were employed in determining process rates. Preliminary studies were 

conducted to determine the advective fluid transport characteristics in the biofilm reactor and 

the free chlorine demand of system components.

Experiments with combined chlorine were conducted after the observation that 

combined chlorine and not free chlorine was the predominant chlorine species during 

treatment with free chlorine. The combined chlorine resulted from the reaction of free chlorine 

with biomass in the reactor.

Results indicate that the combined chlorine has little or no impact on biofilm disinfection but 

may play a role in biofilm detachment.

Research Goal

The goal of the research presented in this thesis is to establish a phenomenological 

basis for evaluating the effectiveness of a biocide on control of biofilm and biofilm activity.
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Research Objectives

I ) Develop and/or test methods necessary to adequately characterize the biofilm for 

the process analysis.

2) Compare the kinetics of disinfection of planktonic cells versus biofilm cells.

3) Determine the kinetics and stoichiometry of disinfection and detachment in the

RotoTorque reactor due to chlorine addition.
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LITERATURE REVIEW

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a bacterium commonly found in natural aquatic 

environments. A capsule of extracellular polymer substances (EPS) and attached growth on 

surfaces gives it some degree of protection against bacteriophages and predation by protozoa. 

It has been studied extensively in the form of suspended cells and in biofilms. Some important 

characteristics of this organism (Buchanan et al., 1974) are:

I ) morphology: rod shaped, 0 .5  - 0 .8  /ym by 1 .5 -  3 .0  //m

2 ) gram stain: negative

3) metabolism: chemoorganotroph able to utilize many 

different substrates

4) respiration:

5) motility:

aerobe able to use nitrate as

an electron acceptor under anaerobic

conditions

through polar monotrichous

flagellation
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6) EPS composition: polyuronic acids; mainly D-mannuronic

acid and variable amounts of L-guluronic 

acid (Carlson and Matthews, 1966; Mian 

et al., 1978)

7) Optimal temperature: 35 - 37 C0 (Buchanan and Gibbons; 1974)

8 ) Optimal pH: 6.8 (Buchanan and Gibbons; 1974)

Biofilm and Biofilm Processes

A bacterial biofilm consists of bacterial cells immobilized at a substratum and often 

embedded in a polymer matrix of bacterial origin. Inorganic solids may be entrapped in the 

biofilm.

Cell densities in biofilms can be remarkably low. Trulear (1983) calculated that the total 

volume of viable cells in a Pseudomonas aeruginosa biofilm was only I t o I O  % of the biofilm 

volume. Characklis and Cooksey (1983) reported biofilm dry mass densities ranging from 1 0 -  

50 kg/m3 in biofilms collected from various fluid flow systems.

Biofilm accumulation is the result of the following processes:

1) Adsorption of cells that are transported to the substratum.

2) Growth and reproduction of cells in the biofilm

3) Detachment of cells from the biofilm.

Microbial cells can be transported from the bulk fluid to a substratum surface by many
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different forces including: diffusion, gravity, taxis and fluid dynamic forces. Once cells have 

been transported to the substratum adsorption can take place. Some researchers have 

distinguished between reversible and irreversible adsorption (Marshall et al., 1971). In general 

adsorption becomes more irreversible when polymers produced by the cell anchor cells more 

firmly to the substratum. Cells obtain nutrients from the bulk fluid and/or from the substratum.

Assimilation of these nutrients results in cell growth and cell reproduction. Biofilm activity is
>

most prevalent in systems with fluid flow. Cell detachment from the biofilm occurs as a result 

of shear forces imposed on the biofilm by the flowing fluid. Steady state biofilm accumulation 

is reached when the total of biofilm accumulation processes results in no further change in 

biofilm areal density.

Biofilm detachment can result from erosion or sloughing. Erosion refers to the 

continuous removal of small .biofilm particles and is highly dependent on the fluid dynamic 

conditions. Sloughing refers to massive removal of biofilm and has been attributed to oxygen 

or nutrient depletion in the biofilm (Howell and Atkinson, 1976). Bakke (1983) observed a 

drastic increase in detachment rates after the substrate loading rate was suddenly doubled. 

Turakhia et al. (1983) observed increased detachment rates after the addition of chelants. 

These researchers did not distinguish between biofilm erosion and sloughing. Most research 

on biofilm detachment has concentrated on indirect measurements including changes in 

frictional resistance and heat transfer resistance.

Chlorine Chemistry

Chlorine is a strong-smelling, greenish yellow gas and extremely irritating to mucous
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membranes. It received its name from the Greek word "chloros" meaning green. When 

chlorine is dissolved in water it rapidly forms the oxidizing agent hypochlorous acid (Morris, 

1946).

Cl2 +  H2O ------>  H + +  Cl +  HOCI [U

The reaction is virtually complete at a pH > 3  and a total (CI2) < 1000 mg/I. Hypochlorous 

acid is a weak acid, at pH 7.5 and 20 °C, only 50%  dissociates into H + and the conjugated 

base, hypochlorite ion (Figure 1):

HOCI < ------> H + + OCI ioi

. (H*) (oci-)
-  (HOCl)

K, -  2.0 X K r 1 atO’ C 

"  AT,-3 .3  X 1 0 -*a t20 'C

Figure I . Dissociation of hypochlorous acid as a function of pH
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The sum of hypochlorous acid and hypochlorite ion concentration form the free chlorine 

concentration. Free chlorine reacts quickly with reduced compounds commonly found in 

aqueous environments: ammonia, organic nitrogen (aminoacids, polypeptides, proteins and 

organic amines), iron (Fe++), manganese (Mn + + ), sulfide, and nitrite. Most of the reactions 

are simple and remove free chlorine quickly from the system. However, the most important 

aspects of aqueous chlorine chemistry, its reaction with various forms of nitrogen, is much 

more complex.

Free chlorine reacts with any compound containing a nitrogen atom with one or more 

hydrogen atoms attached.

The reaction product is a chloramine or N-chloro compound. There are two distinct 

classes of chloramines; organic and inorganic. Nitrogen appears in most natural waters and 

in varying amounts as either organic or inorganic nitrogen. In estuarine waters, Helz et al.

(1978) measured (organic) amino nitrogen to be about ten times greater than inorganic 

nitrogen.

Inorganic chloramines are formed during the reaction with ammonia and organic 

chloramines during the reaction with organic nitrogen. The sum total of chloramine 

concentration is the combined chlorine concentration. The combination of free chlorine and 

combined chlorine is the total chlorine concentration. When free chlorine reacts with a 

relatively large amount of ammonia (molar ratio

[free ch!orine]/[ammonia] = 2 ) almost 100 % monochloramine will be formed.

HOCI +  NH3 ------>  NH2CI +  H2O [3]

The resulting combined chlorine concentration will be about half the initial free chlorine
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concentration. When more free chlorine is added a disproportionation reaction begins forming 

dichloramine from free chlorine and monochloramine.

NH2CI +  H O C I------>  NHCI2 +  H2O [4]

At the same time, the combined chlorine concentration starts to drop while the free chlorine 

concentration remains zero. This reaction proceeds in competition with reaction Eq.3 until the 

dose ratio of free chlorine to ammonia reaches 4. At this point, the so-called breakpoint has 

been reached (Figure 2). Monochloramine and dichloramine exist in approximately equal 

amounts, total chlorine is at a local minimum, free chlorine will start to appear while ammonia- 

nitrogen will start to disappear through oxidation by free chlorine. Ammonia-nitrogen is 

converted into elemental nitrogen. Further addition of free chlorine will add proportionally to 

the free chlorine residual.

_ pH 7
2 hr contact time 
0.5 ppm ammonia nitrogen 

-  Temp. 50° F

Ammonia
nitrogen

Ammonia

nitrogen

10 11

Chlorine dose, ppm

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

EaCL
§>

c
.2
§
E
E<

Figure 2. Chlorine residuals during the reaction between free chlorine and 
ammonia nitrogen. Source: G.C.White, Handbook of Water Chlorination (1972).
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The reaction between free chlorine and organic nitrogen compounds results in the 

formation of organic chloramines. The rate and extent of the reaction depends largely on the 

structural complexity of the reactant (Taras, 1953). The more simple compounds are the 

unsubstituted amino acids. Formation of organic chloramines is relatively fast while much of 

the nitrogen content is lost during further oxidation. The carbon of some of these simple 

amino acids, such as cysteine and glycine, also exerts a free chlorine demand. For glycine, 

Palin (1950) noted that there are similarities to the chlorine-ammonia breakpoint phenomenon. 

However, after the breakpoint has been reached at a molar free chlorine/ammonia ratio = .1 .5 , 

significant amounts of free chlorine are not found until the molar chlorine/ammonia ratio 

reaches 4. Morris (1952) found it was carbon and not nitrogen that was being oxidized 

between the molar ratios 1.5 and 2. The original nitrogen was still present either as ammonia 

or organic nitrogen. Oxidized carbon was released as carbon dioxide. Stanbro and Smith

(1979) found that the spontaneous decomposition products of N-chloroalanine (a rapidly 

formed chlorination product of alanine) depended on Ph and consisted of acetaldehyde, 

ammonia, carbon dioxide and chloride or, pyruvic acid, ammonia and chloride ion. The reaction 

was first order in N-chloroalanine with a half life of 46  min at pH 7 and 25 °C. The reaction 

rate coefficient increased by a factor of more than three for each 10 °C temperature increase. 

It was not affected by pH within the range of 5 to 9. Apparently, N-chloroalanine formed 

during the chlorination of natural waters will degrade in a few hours to substantially less toxic 

products.

Proteins have a complex structure and formation of organic chloramines from proteins 

is relatively slow. Loss of nitrogen, even after prolonged contact with free chlorine, is very 

small. Compounds with intermediate complexity (e.g., small polypeptides) show intermediate 

behavior. As a result, water containing considerable organic nitrogen does not demonstrate
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breakpoint chlorination behavior observed with ammonia nitrogen (Figure 3). Continuous 

addition of free chlorine results in an increasing combined chlorine concentration followed by 

a plateau and further increase in combined chlorine concentration. After the plateau has been 

reached, much higher combined chlorine/free chlorine ratios will exist than after typical 

breakpoint chlorination.

pH 7-8
1-2 hr. contact time 
0.3 ppm ammonia nitrogen 

-  0.3 ppm organic nitrogen

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10

Chlorine dose, ppm

Figure 3. Chlorine residuals during the reaction between free chlorine and a 
mixture of organic and ammonia nitrogen. Source: G.C.White, Handbook of 
Water Chlorination (1972).

Many reactions may occur between free chlorine (HOCI, O C I) and the complex 

mixtures of organic compounds in natural waters and waste waters. The reactions can be 

divided into three major general types: I )  oxidation, 2) addition, and 3) substitution.

Oxidation: Oxidation may be the predominant type of reaction occurring between free 

chlorine and the nitrogen-free organic constituents (Jolley e ta l. (1978)). Carbohydrates and
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carbohydrate-related compounds are mainly subject to these oxidative reactions.

Addition: Organic compounds containing reactive double bonds produce chlorohydrin 

products with free chlorine.

Substitution: Free chlorine may react with aromatic compounds and amino compounds 

to replace a hydrogen substituent producing C-chlorinated and N-chlorinated compounds. The 

formation of N-chloroorganics has already been discussed. The production of trihalomethanes 

is an example of substitution reactions where carbon-chlorine bonds are formed.

Disinfection Chemistry of Chlorine "

Probably the first known use of chlorine as a disinfectant was in the Vienna General 

Hospital, Vienna, Austria in 1846, when women washed their hands in a chlorine solution to 

prevent the transmission of child bed fever. The first use of chlorine as a continuous process 

was probably in Middelkerke, Belgium in 1902, where it was added to drinking water (White, 

1972). The first use of chlorine was exclusively aimed at disinfection (i.e., destruction of 

pathogenic microorganisms). Presently, the application of chlorine is much broader. For 

example, biofouling problems in cooling towers are mitigated using chlorine. The objective is 

to control all microorganisms at acceptable levels.

Mechanisms

The disinfectant action of chlorine is believed to result from damage to the cell 

membrane. (National Academy of Sciences, 1980; Wolfe et a\., 1984). Alteration of the 

membrane causes changes in permeability and disrupts life processes.
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Chang (1944) observed that the rate of inactivation of Entamoeba histolica cvsts by 

free chlorine increased with decreasing pH. His hypothesis of increased trans-membrane 

transport of the uncharged hypochlorous acid at lower pH was later supported by Kaminski 

et al. (1976). Kolikovsky (1975) claimed that the loss of nucleic acids through the damaged 

membrane was important to the lethal process. Venkobachar e ta j (1977) added that proteins 

were also lost even at very low disinfectant concentrations. They also found respiration to be 

inhibited at free chlorine doses near bactericidal concentrations by observing total 

hydrogenase activity. Knox et al (1948) reported similar results while examining glucose 

oxidation. Reactions relying on enzymes containing sulphydryl groups are especially inhibited 

by free chlorine since the sulphydryl groups are easily oxidized. In some cases, researchers 

may be observing results of death as opposed to causes of death. For example, Haas et al.

(1980) contend that chlorine causes physical damage to bacterial DNA. However, they may 

have observed decomposition of DNA that occurred after cell death.

Free chlorine can affect many cell components and reaction chains through its strong 

oxidizing power. A specific lethal reaction attributed to chlorine is not as important as the 

extent of overall damage which renders a cell inactive.

Suspended Cells and Biofilm

Many studies have been done on the disinfecting properties of the various chlorine 

species against suspended cell systems. In the last decade, it has become increasingly clear 

that disinfection of attached cells is usually more critical. Attached microorganisms are much 

!ess susceptible to the action of biocides than suspended cells (Anderson et a]., 1990; van 

der Wende and Characklis, 1989; Nichols e ta j., 1989). Various theories have been developed 

to explain the phenomenon but none have been conclusively proven.



The presence of relative large amounts of extracellular polymeric substances (EPS) 

surrounding biofilm cells is often mentioned as an important protective barrier against biocide 

action. Yet, Nichols (1989) found no difference in the sensitivity against biocides (antibiotics) 

between a mucoid and a non-mucoid Pseudomonas aeruginosa strain. The same result was 

obtained by Gristina et aL (1989) using Staphylococcus epidermis.

In a more general sense, reduced transport rate of biocides through a biofilm or cell 

aggregate is often suggested as an important mechanism for reducing disinfection 

effectiveness. LeChevaIIier et al. (1988) studied the disinfection of biofilm cells and suspended 

cells by hypochlorous acid and the less reactive monochloramine. He found that hypochlorous 

acid was a better disinfectant for suspended cells than monochloramine but monochloramine 

worked relatively well for the disinfection of biofilm cells. Monochloramine was theorized to 

better penetrate the biofilm because it reacts slower with biofilm components than 

hypochlorous acid. The average residence time of monochloramine molecules in the biofilm 

was therefore longer allowing molecules to diffuse deeper into the biofilm while hypochlorous 

acid molecules were more quickly scavenged away in the top layer of the biofilm. Even though 

the data are consistent with the theory, no experimental proof has been provided.

Results of mass transport simulation models, which accounted for diffusion and 

reaction with the biofilm, indicate that mass transport limitation alone cannot explain the poor 

disinfection of biofilm cells (Van der Wende, 1987 and Nichols et s i., 1989). Calculated 

biocide concentrations at the biofilm-substratum . interface approached bulk fluid 

concentrations within short time periods relative to biocide application times.

The physiological state of organisms is known to influence disinfection susceptibility. 

Kuchta et al. (1985), Chai (1983) and, Carson et a]. (1972) showed that environmentally 

stressed (e.g., starved) organisms are less susceptible to biocides than those growing under

14
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more favorable conditions. Biofilm cells, especially those at the base of the film, are 

hypothesized to suffer from environmental stress. For example, starvation stress would occur 

if mass transfer resistance resulted in low nutrient levels deeper in the biofilm. Some 

measurements suggest that this is true. Lewandowski (1989) used microelectrodes to 

measure oxygen profiles in biofilms. Biofilm (500 //m) on a substratum was submerged in a 

batch reactor with gentle stirring. Dissolved oxygen concentrations decreased from 8 mg/I to 

approximately I mg/I in the fluid viscous sublayer above the biofilm and further to O mg/I in 

the first 100 pm (or less) of the biofilm. Oxygen was consumed during the oxidation of 

glucose. The reaction stoichiometry indicates that the glucose concentration profile is similar 

to the oxygen profile if the concentration in the bulk fluid is low. Thus, it is plausible that 

many biofilm cells are in a nutrient stressed state which may influence disinfection 

susceptibility. However, observed changes in susceptibility to biocide action of 

environmentally stressed cells is too small to completely explain the very poor disinfection of 

biofilm cells.

An additional unknown process that protects biofilm cells against biocide action may 

exist. It is hypothesized here that biofilm cells have a communicative mechanism to signal 

changes in the environment (e.g,, biocide penetrating the upper layers of the biofilm) allowing 

cells to switch on protective mechanisms.
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MATERIAL BALANCE EQUATIONS

Material balance equations are important tools for the analysis of microbial systems 

involving biofilms. Material balance equations are based on the conservation of mass. A 

complete equation includes rate expressions for all the occurring material transport and 

transformation processes and a resulting accumulation rate or rate of change.

Rates of change should not be confused with process rates. Rates of change 
generally are measured or observed quantities in a system from which process 
rates are inferred. A process rate is the most fundamental of the rate quantities 
(Characklis, 1990).

Usually material balance equations are written for each phase of the system but this is not 

always necessary or practical and depends on the process(es) of interest. In the study 

reported in this thesis, biofilm areal density and biofilm cell specific detachment rates were 

calculated from the material balances of total and substrate carbon in the liquid phase and the 

cell carbon balance of the biofilm (solid phase). A predictive model for the advective transport 

in a RotoTorque reactor (RT) was based on the liquid phase material balance of a soluble, non

reactive and non-absorbent compound. The model was verified in a series of experiments.

Specific Cell Detachment Rates

Biofilm cell specific detachment rates in the RT could be calculated during steady state 

biofilm accumulation and during the addition of oxidizing biocides from material balances. In 

both cases special conditions allowed simplification of the material balances and calculation
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of the detachment rates.

The material balance for biofilm cells in a RT (unsteady state) can be written as:

dXb

A — AbXbA rdXbA [5]

dt

rate of rate of net rate of

accumulation . growth detachment

Xb =  bibfilm cell areal density (cells m 2)

/V  =  biofilm cell specific growth rate (Ir1) 

rd =  biofilm cell specific detachment rate (h'1)

A =  biofilm surface area (m2)

At steady state, the accumulation rate is zero and Eq.[5] can be simplified to:

Ab I’d [6]

rate of net rate of

growth detachment

During biocide addition, no cell growth occurs and Eq.[5] can be simplified to:
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dXb 

A —  

dt

rate of

accumulation

rCfXbA

net rate of 

detachment

[7]

All parameters and variables of Eq.[7] can, in principle, be determined except the biofilm cell 

specific detachment rate which can be calculated. However, practical considerations resulted 

in a different approach to this problem (see: EXPERIMENTAL DESIGN)

The material balance for suspended cells in a RT (unsteady state) can be written as:

dX

V — = Q(Xj - X) + //XV  + rdXbA

dt

rate of net rate of rate of net rate of

accumulation transport in growth detachment

X = suspended cell concentration in RT effluent (cells I'1)

Xi =  suspended cell concentration in RT influent (cells I"1) 

fj =  suspended cell specific growth rate (Ir1)

V =  liquid RT volume (I)

Q =  volumetric flow rate (I h'1)

At steady state, the accumulation rate is zero and Eq.[8 ] can be simplified to:
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Q(X - X i) = //XV +  TdXbA [9]

net rate of rate of net rate of

transport out growth detachment

Sterile RT influent means X i =  O and, because the dilution rate of the RT is much higher than 

the cell specific growth rate (approximately 8 times higher than the maximum cell growth 

rate), very little growth occurs in suspension. Thus, suspended cell growth is"negligible with 

respect to cell transport. Eq.[9] can be simplified to:

QX =  rdXbA [10]

rate of net rate of

transport out detachment

All parameters and variables of Eq.[10] can be determined except for the biofilm 

specific detachment rate which is calculated for steady state.

During biocide application, growth rates become very small or zero, based on an 

observed large decrease in substrate removal. Eq.[8 ] can be simplified to:

dX

V — — D X X + TdXbA

dt

rate of net rate of net rate of

accumulation transport in detachment

This equation was used to calculate the biofilm specific detachment rate indirectly from cell
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concentration in the effluent (as cell carbon) during biocide addition. Increasing substrate 

carbon concentration in the RT effluent during biocide addition, caused by decreased 

metabolic activity, complicated the calculations. A material balance for substrate carbon was 

needed to calculate the cell carbon concentration from the measured total organic carbon.

dS

V — =  Q(Si -S ) - jjSV/Y  - /JbSAfYb [12]

dt

rate of net rate of rate of rate of

accumulation, transport in transformation transformation

in suspension in biofilm

Y =  suspended cell yield (mg substrate carbon/mg cell carbon))

Yb =  biofilm cell yield

S =  substrate carbon concentration in RT effluent (mg I"1)

Si =  substrate carbon concentration in RT influent (mg I"1)

Cell growth is negligible during biocide treatment and Eq.[12] can be simplified to: 

dS

V — = QtSi - S)

dt

[13]

rate of net rate of

accumulation transport in
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Analytical solution yields:

S =  Si - (Si - S0)*exp(-Dt) [14]

S0 =  substrate carbon concentration in RT effluent at the beginning of biocide addition 

(mgl'1).

D =  dilution rate (=  QA/; h'1)

Tracer Study

Advective transport of a non-reactive, non-absorbing solute in a RT can be described 

by a simple mass balance under conditions of ideal mixing similar to Eq.[13].

dC

v "" =  Q(Ci -C ) [15]

dt

rate of net rate of

accumulation transport in

C =  solute concentration of reactor 

Ci =  solute concentration of influent

Tracer studies were done in a system consisting of four RT in series (RTS). The



22

advective transport in the RTS can be described by four mass balances equations according 

Eq.[15]; one for each RT. Analytical solution of the equations is started by solving the 

equation for the first RT in line (RT I )  for a particular set of initial conditions. The resulting 

function for ,RT I reactor solute concentration is substituted as RT 2 solute influent 

concentration in the mass balance of RT 2, which is then solved. This procedure is repeated 

for the subsequent RT.
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EXPERIMENTAL SYSTEMS AND METHODS 

Experimental Systems

Two RotoTorque reactors and a chemostat reactor were used for the experimental 

work (Figure 4  and Figure 5).

RotoToraue Reactor System

RotoTorque reactor: A RT is a continuous flow stirred tank reactor consisting of a 

cylindrical vessel with a solid rotating drum inside (Figure 4). Twelve removable slides are an 

integral part of the inside wall of the outer cylinder and are used for biofilm sampling. Access 

to the slides is through rubber stoppers on top of the RT.

Rotation of the drum causes mixing of the reactor fluid and imposes a shear stress on 

the cylinder wall. Ideal mixing is approached with draft tubes in the drum. As a result of the 

(near) ideal mixing, no concentration differences exist in the bulk fluid and, hence, RT effluent 

is identical to the RT bulk fluid.

The influent flow rate controls hydraulic residence time and does not affect shear 

stress. Shear stress is controlled by the rotational speed of the drum. This is important 

because biological processes in the reactor fluid can be minimized by a high volumetric flow  

rate, i.e., short hydraulic residence time, without affecting shear stress. In addition, the RT 

has a high surface area-to-volume ratio with most of its surface area exposed to the uniform 

shear stress. Under these conditions, the differences between influent and effluent 

composition can be entirely attributed to biofilm processes without making a significant error.
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A summary of the dimensions of the RT is presented in Appendix A.

Dilution Water Substrate/ Mineral Solution

Biocide Solution (if required) Buffer Solution

Removable Slide (12)

RotatingInnerCylinder

Outer Drum

Recirculation Tube (4)

Outlet

Figure 4. Schematic diagram (1:3.4) of the RotoToroue biofilm reactor

RotoTorgue influent: RT influent consisted of three separate, continuous

fluid flows: I )  dilution water (30 ml/min), 2) concentrated mineral salts/organic carbon

solution (I ml/min), and 3) concentrated buffer solution (I ml/min). Three peristaltic pumps

(Masterflex 7553 -30 , Cole-Farmer Instrument Co.) equipped with pumpheads (IVIasterfIex
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Table I : RT and chemostat influent composition. RT influent consists of concentrated buffer 
(I ml/min) and mineral salt/organic carbon solution (I ml/min) diluted with distilled water (30 
ml/min). The values presented are after dilution.

RotoTorque Chemostat units

glucose (gluc-C) 20 (8 ) 100 (40) mg/I

NH4CI (KNO3) 7 .2  (13.6) 36 (68 ). mg/I

MgSO4 1.0 1.0 mg/I

CaCO3 1.0 1.0 mg/I

(HOCOCH2)3N 200 200 /vg/l

(NH4)OMo7O24A H 2O 1.4 1.4 yvg/i

ZnS04.7H 20 T 42 142 //g/i
MnSO4-H2O 1 1.4 11.4 //g/i
CuSO4-BH2O 2.8 2.8 //g/i
Na2B4O7-IO H 2O 1.4 1.4 /vg/i

Co(NO3)2-H2O 2.3 2.3 /vg/i

FeS04.7H 20 159 159 /vg/i

Na2HPO4 426 1065 mg/l

KH2PO4 205 1025 mg/I

7014  and 7016), silicon tubing (IVIasterfIex 6411-14  and -1 6) and in-line flow meters (Gilmont 

Instrument Co. no. 11 and 12) were used for a total influent flow of 32 ml/min.

Dilution w ater: Distilled water stored in 50 I aerated containers was used as dilution 

water. The water was filter sterilized by passing it through two Gelmann capsule filters (0.2
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/vm) in series.

Organic carbon/mineral salts solution: Concentrated mineral salt solution (Table T) was 

sterilized by autoclaving for 60 min. Still hot, 20  ml of a concentrated glucose solution that 

had been autoclaved for 10 min was added through injection.

Buffer solution: Concentrated phosphate buffer (Table I ) was sterilized by autoclaving 

for 60 min.

RotoTorque temperature: The temperature of the RotoTorque fluid was automatically 

controlled at 24_+I 0C through feedback control at the influent dilution water.

RotoTorque shear stress: The shear stress in the RT was controlled by the rotational 

speed of the inner drum which was set at 150 rpm which resulted in 0 .9 2  m/s velocity of the 

outer edge of the inner cylinder.

RptoTorque startup/inoculation: The RotoTorque was cleaned by soaking it for I hour 

in a warm Micro™ soap solution and scrubbing all surfaces with a soft bristle brush. It was 

rinsed with warm water and distilled water and assembled complete with all influent tubing, 

inoculation tubing, effluent tubing, deaeration tubing, flow breaks, flow meters and dilution 

water filters. The ends of all influent tubing were supplied with glass connector tubes 

wrapped in aluminum foil.

The system was autoclaved for 20 min at I 24 0C. Sterile connections were made to the 

influent containers using the glass connector tubes that were first heated with a propane 

torch. The tw o dilution water filters were preconditioned by pumping 2 I of heat-sterilized 

dilution water through them with a flow rate of 30 ml/min. Rotation of the RT drum was 

started and all influent flows were pumped in at design flow rate. After one hour, all influent 

flows were halted for the next 24  hours and continuous inoculation with a suspension of 

Pseudomonas aeruginosa was started. The inoculum consisted of 0.1 ml/min chemostat
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effluent (Jl IO 8 cells/ml) for a total period of 36 hours. After 24 hours of inoculation all 

influent flows were started again. Twelve hours later, the inoculation flow was terminated.

Chemostat Reactor

Chgmostaf: A chemostat was routinely used for inoculation of the RT and otherwise 

as a source of suspended cells. The chemostat was a 1000 ml Pyrex beaker (no. 1040) 

equipped with a side arm and rubber stopper (Figure 5). The side arm was used as an effluent 

overflow resulting in an effective chemostat volume of 500 ml. The flow rate through the 

chemostat was I ml/min, resulting in a dilution rate of 0 .12  h"1. The rubber stopper was 

equipped with channels for chemostat inoculation, RT inoculation, influent flow, aeration, and 

deaeration. Flow breaks on the influent and effluent lines prevented contamination of the 

substrate feed solution and chemostat due to back growth of microorganisms. Mixing was 

achieved through purging with filtered air.

Inoculation p o r t

e f f lu e n t

In flu e n t  

a ir  supply  
RT Inoculation

Figure 5. Schematic diagram of the chemostat used for inoculation of the 
RotoTorque.
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Chemostat influent: A solution of mineral salts, buffer salts and organic carbon (Table 

I ) was autoclaved for 60 min.

Chemostat temperature: The chemostat was not temperature controlled. The ambient 

temperature varied from 19 to 26 0C.

Chemostat startup/inoculation: The chemostat was cleaned with a warm soap solution 

and rinsed with warm water. It was assembled including all tubing, flow breaks, air filter, and 

influent supply jar. Filled with 500 ml complete medium, it was autoclaved for 50 min at I 24  

°C. A suspension of Pseudomonas aeruginosa in phosphate buffer was used as a one time 

inoculum. The suspension was made from a single Pseudomonas aeruginosa colony 

(environmental isolate) grown on R2A agar. After visible growth had occurred in the 

chemostat, the influent flow was started (D =  0.1 2/h).

Analytical Methods

Total Organic Carbon

Samples were acidified with concentrated phosphoric acid and purged with oxygen for 

6 min to remove all inorganic carbon. One ml samples were injected in a Dohrmann Carbon 

Analyzer (model DC 80) for total organic carbon (TOC) analysis.

Soluble Organic Carbon

Soluble organic carbon (SOC) was determined by filtering liquid samples over a 0 .2  //m  

IMuclepore™ pc membrane filter followed by TOC analysis of the filtrate.
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Glucose

Glucose was determined with a slightly modified enzymatic method of Sigma 

Diagnostic. Because of low glucose concentrations, 2.5 ml instead of 1 .5 ml glucose sample 

was added to 2 .5  ml instead of 5 ml Combined Enzyme-Color reagent recommended.

Dry Weight

An aliquot (25 ml) of a biomass suspension was filtered over a Whatman GF/C glass 

fiber filter which had been previously dried at 105 0C for one hour, cooled in a desiccator, and 

weighed (precision = 0.01 mg). The filter with biomass was dried and weighed again. Cell 

dry weight was obtained from the weight difference. Since the precision of this measurement 

was poor (filter stuck to surface during drying), further analyses were done using Nuclepore™ 

pc membrane 0.2  //m filters.

' • I
Biofilm Thickness

Biofilm thickness was measured with a volumetric displacement method according to 

Zelver (1980). The apparatus consisted of a reservoir filled with a surfactant solution (0.3%  

v/v Micro™ soap) and a micromanipulator mounted microprobe used to determine the position 

of the fluid meniscus. A RT slide with biofilm was submerged in the surfactant solution and 

again submerged after the biofilm had been removed. Biofilm thickness was calculated from 

the difference in meniscus displacement and the dimensions of the system. Measurements 

were done in triplicate.

Biofilm Micrographs (SEM)

Biofilm on a polycarbonate slide was fixed for 15 min in phosphate buffer with 2.5 %



glutaraldehyde. Biofilm water was gradually displaced by ethanol in 30, 50, 7 0 ,9 0  and 100%  

ethanol solutions (15 min each). After critical point drying, the samples were gold coated and 

examined with a scanning electron microscope (SEM).

Viable Cells

Cell suspensions were homogenized for one minute with a Tekmaf Tissumiser™. 

Dilution series were made in buffer solution (Table 2) and plated out on Difco bacto R2A™ 

agar in triplicate. The plates were incubated for three days at room temperature. Difco bacto 

R2A™ agar is a low nutrient medium developed for the heterotrophic plate count of treated 

potable water.

Table 2: Composition of phosphate buffer used for cell dilution series etc.

30

compound amount units

Na2HPO4 426 mg/I

KH2PO4 205 mg/I

Total Cells

Cells suspensions were homogenized for one minute with a Tekmar Tissumiser™ and 

counted at IOOOx magnification using a Petroff-Hauser cell count chamber. If necessary, 

dilutions were made in cell free phosphate buffer.

Metabolic Activity

Cell metabolic activity was measured as the production rate of 14CO2 from D-[14C(U)]-
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glucose. A sample of 1.7 ml (cell suspension) was added to 8 .3  ml phosphate buffer and 0 .5  

ml D-[14C(U)] glucose (0.4 mCi/l) +  D glucose (100 mg/I) solution in a "bioassay" tube 

(Figure 6 ). The bioassay tube consisted of a glass test tube (150 x 25 mm) that was sealed 

with a rubber stopper. A plastic, filter fan holder, attached to the stopper, held a filter fan (5.5  

cm paper filter circles) wetted with a potassium hydroxide solution (200 g/l). Samples were 

incubated for 2.5 hours. CO2, evolved from the oxidation of glucose, was trapped on the filter 

fan. After exposure, the samples were acidified with 2 drops of concentrated phosphoric acid 

to force dissolved CO2 out of the liquid phase and incubated for another 60 min. After CO2 

collection, the filter fans were transferred to liquid scintillation vials with 10 ml liquid 

scintillation cocktail (Aquasol). The vials were stored in the dark for at least 24 hours before 

measuring the level of radioactivity with a liquid scintillation counter. All samples were 

counted 3 times for 3 minutes using an energy window of 4 to I 56 meV. Samples and 

controls were all done in triplicate.

F i l t e r  fan  
with KOH

D -  ( I 4 C ( u ) ) "  Glucose

Figure 6 . Schematic drawing of bioassay tube
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Chlorine

During the preliminary chlorine demand study, free chlorine was measured with the 

improved Ieuco crystal violet (LCV) method of Whittle and Lapteff (1973). The method was 

ineffective for most of the following experimental work because analysis.was lengthy and was 

affected by turbidity variations of the samples and the presence of biomass or the formed 

combined chlorine. Free and total chlorine during the remaining experiments were, therefore, 

determined with the DPD colorimetric method with a sensitivity of 6 .05  mg/I for low chlorine 

concentrations (Hach Co.; test kit model CIM-66 ). Free chlorine determination with this method 

showed some interference combined chlorine. With no free chlorine present (excess ammonia 

added), background readings of 0 .15  mg/I were consistently obtained in the presence of 

combined chlorine. Therefore, in the presence of combined chlorine, 0 . 15 mg/I was subtracted 

from free chlorine readings to obtain the real free chlorine concentration. The combined 

chlorine concentration was calculated as the difference between the free and total chlorine 

concentrations. The titer of a free chlorine stock solution was periodically determined with an 

amperometric titrator (Wallace and Tiernan)).

Uranin

Uranin (sodium salt of fluorescein) was used in the RT tracer study. RT effluent 

samples were analyzed on a Bausch & Lomb spectrophotometer at a wavelength of 149 nm.

Biofilm Sampling

Biofilm samples were removed on polycarbonate biofilm sampling slides 

(185 x 1 1.5 mm) from the RT. Access to each slide was through ports on top of the RT 

sealed with rubber stoppers (Figure 4). Aseptic sampling was practiced through disinfection
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of the rubber stopper and surrounding area with 70 % alcohol, 100 % alcohol, combustion 

of the remaining alcohol and a few seconds of heating with a propane torch. The stopper was 

then removed, the slide removed with sterile needle-nose pliers and the sampling port sealed 

with the same stopper after quick flame sterilization. Rotation of the RT drum was halted 

before starting the sampling procedure.

Homogenizing

Biofilm was scraped into a beaker with a rubber police man while applying a rinse of 

phosphate buffer (25 to 50 ml). Homogenization of samples (RT effluent and biofilm samples 

in phosphate buffer) was done with a Tekmar Tissumiser™. Samples were cooled on ice and 

homogenized for I minute at 100% power.
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EXPERIMENTAL DESIGN

The research program that formed the foundation of this thesis can be divided into a 

preliminary study and the core experiments. The preliminary study consisted of I )  a tracer 

study of the advective transport in the RT and 2) experiments to determine the kinetics and 

stoichiometry of the reaction of free chlorine with RT system components. The core 

experiments consisted of two series of experiments; I ) . a study on the mechanism(s) 

protecting biofilm cells against biocides, and 2) a study of the effects of chlorine on in situ 

biofilm disinfection and detachment.

RotoToraue Tracer Study

The tracer study consisted of developing two models that predict RT effluent 

concentrations for two sets of initial conditions and three actual tracer experiments. The 

objective of the tracer study was to gain insight into the advective transport characteristics 

of continuous flow stirred tank reactors (e.g., RT) and to confirm the assumption of ideal 

mixing in the RT. Modeling and tracer studies were done for four RT connected in series 

(RTS). This RT configuration was not used in further experimental work but the study 

provided insight into the transport characteristics of a single RT and was, therefore, included 

in this thesis.

The fluorescent dye uranin (sodium salt of fluorescein) is an effective tracer because 

of its physical and chemical properties and ease of determination. Table 3 shows initial 

conditions and other parameters for the 3 tracer studies. Uranin is introduced to the RTS in
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two ways. Pulse addition consisted of a concentrated pulse directly into the first RT in line 

(RT I )  at time 0 while a step addition consisted of stepping up the influent concentration from 

0 to Ci at time zero. After tracer addition, effluent of the last RT in line (RT 4) was frequently 

sampled over a period of three RTS residence times. The tracer concentration in the effluent 

samples was determined spectrophotometrically.

Table 3: Experimental conditions of the RT tracer studies

experiment hydraulic residence 
time

speed of RT 
drum

dye addition

A I 2 min 3 ft/sec pulse at t =  0

B 12 min 3 ft/sec continuous after t =  0

C 12 min 0 .3  ft/sec continuous after t =  0

Mathematical models were based on the uranin material balances in each RT of the 

RTS. The resulting general differential equations were solved analytically to yield two sets of 

mathematical expressions describing all four RT tracer effluent concentrations for the two  

types of tracer addition.

Kinetics and Stoichiometry of Free Chlorine Reaction 

with System Components

The reaction rate and extent of the reaction between free chlorine and important RT
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system components: dilution water, phosphate buffer, RT influent, construction materials, 

biofilm and RT effluent were determined in a series of batch experiments.

Glassware and RT were cleaned with a soap solution, soaked in a free chlorine solution 

overnight and rinsed with distilled water.

Chlorine demand free water and chlorine demand free phosphate buffer were prepared 

through addition of .+.I mg/I free chlorine followed by 30 min autoclaving after a 24 hour 

contact time. This procedure satisfied chlorine demand and removed residual chlorine. Chlorine 

demand free water was used to determine the exact titer of a Cl2 stock solution by means of 

amperometric titration.

During the experiments, a known amount of free chlorine was added to dilution water, 

phosphate buffer, RT influent and RT effluent. Free chlorine was also added to a clean RT 

containing chlorine demand free water, and to a RT containing chlorine demand free 

phosphate buffer and three polycarbonate slides (forming 3 .2%  of the RT surface area) 

covered with biofilm. Using only a small amount of biofilm enhanced the accuracy and 

precision of this free chlorine decay measurement. Complete biofilm coverage would have 

resulted in free chlorine decay rates too high to be accurately measured. The RT drum 

rotational speed was reduced from 3 to I ft/sec to limit biofilm detachment. Free chlorine 

residual in all these systems was monitored over time with the LCV method.

Protective Mechanisms in Biofilm Disinfection

Three experiments were designed to explain the very low susceptibility of biofilm cells 

to biocide as compared to suspended cells.
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The following three hypotheses were tested: I ) cell phenotype plays an important role 

in the difference in biocide susceptibility between suspended cells and sessile cells, 2 ) limited 

penetration of biocide into a biofilm is an important mechanism in the protection of biofilm 

cells against disinfection and, 3) communication between cells in a biofilm aids in the 

protection against biocides.

Cell Phenotype of Sessile Cells versus Suspended Cells

The effect of biofilm cell phenotype on disinfection susceptibility was tested by 

exposing intact biofilm and suspended biofilm cells to free chlorine. If the susceptibility was 

the same, little or no difference should be observed in the cell disinfection rates.

Pseudomonas aeruginosa biofilm accumulated in a RT under standard conditions as 

described in Experimental Systems and Methods. At steady state, five biofilm slides were 

removed from the RT and transferred to 1200 ml buffer solution with I mg/I free chlorine. The 

slides were placed in a horizontal, biofilm-up position with gentle stirring to minimize biofilm 

detachment and sloughing. At various times, slides were removed, biofilm was scraped into 

50 ml phosphate buffer, homogenized, and analyzed for viable cells, total cells, TOC, dry 

weight, and metabolic activity. The phosphate buffer contained 10 mg/I sodium thiosulfate 

to be consistent with the suspended cell experiment. Residual chlorine concentrations were 

determined with the Hach™ DPD-test kit.

Another slide was removed from the RT, biofilm was scraped into 50 ml phosphate 

buffer, homogenized and diluted to 240 ml with phosphate buffer. The suspension was gently 

stirred. At time zero, I mg/I free chlorine was added to the cell suspension. Samples (50 ml) 

were taken periodically, residual chlorine was neutralized with 10 mg/I sodium thiosulfate, and 

the samples were analyzed for viable cells, total cells, TOC, dry weight, and metabolic
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activity. Residual chlorine concentrations were also determined during the experiment.

Three other slides were used to determine the thickness of the biofilm using the 

volumetric displacement method.

Biofilm Mass Transfer Limitation

The influence of limited biocide diffusion was tested by exposing biofilms with two  

different thicknesses to free chlorine under identical conditions. If diffusion limitation is the 

critical protective mechanism, disinfection of thin films will be more complete than disinfection 

of thicker films under identical conditions. It is assumed that the biofilms differ only in 

thickness but are otherwise identical. This may not be completely true.

Pseudomonas aeruginosa biofilm accumulated in a RT under standard conditions. 

Differences in thickness were obtained by sampling biofilm at different phases of biofilm 

accumulation. For each experiment (i.e., each thickness) five biofilm slides were removed from 

the RT and transferred to a buffer solution with I mg/I chlorine. The slides were placed in a 

horizontal, biofilm-up position while gentle stirring was provided. After various exposure times 

biofilm was scraped into 50 ml phosphate buffer, homogenized and analyzed for viable cells, 

total cells, TOC, and dry weight. Residual chlorine was also determined during the experiment. 

Biofilm thickness was determined for biofilm samples.

Biofilm Cell Interaction

The possible communication between cells which could trigger protective mechanisms 

against biocides was a hypothesis tested using biofilms that were untreated and pretreated 

with free chlorine. It is hypothesized that chlorine reaches the cells near the biofilm/water 

interface first. The presence of chlorine is signalled to cells deeper in the biofilm which
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respond by activating protective mechanisms (e.g., transport of chlorine over the cell 

membrane is inhibited).

Two types of pretreatment (I and II) were employed, differing only in the presence of 

chlorine during biofilm homogenizing. During pretreatment Il no chlorine was present during 

homogenizing as a control for a false negative result from pretreatment I. A false result would 

occur if the intensive contact between chlorine and cells during homogenizing would conceal 

decreased biocide susceptibility obtained during intact biofilm chlorine exposure.

Pseudomonas aeruginosa biofilm accumulated in a RT under standard conditions. Three 

RT slides with biofilm were removed and placed in a buffer solution with 1.3 mg/I free chlorine 

(pretreatment I and pretreatment II) or in chlorine free buffer (no pretreatment) for 10 min 

under gentle stirring. After exposure, the biofilm was scraped into 100 ml phosphate buffer 

with 1.3 mg/I free chlorine (pretreatment I) or in 100 ml chlorine free buffer (pretreatment Il 

and no pretreatment) and homogenized. 80 ml of these cell suspension were added to 400  

ml phosphate buffer with 1.3 mg/I free chlorine (pretreatment I and II) or to 400  ml chlorine 

free phosphate buffer (no pretreatment). This procedure was followed to obtain similar total 

biomass/chlorine ratios in all the experiments. Gentle stirring was provided and several 

samples of 50 ml were taken periodically and analyzed for viable cells and TOC.

Disinfection and Detachment

in situ disinfection and detachment of Pseudomonas aeruginosa biofilm as a result of 

treatment with free chlorine was determined in the RT in a series of experiments. During these 

experiments, the dominant chlorine species during treatment was not free chlorine but
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combined chlorine. The combined chlorine is believed to be in the form of organic chloramines. 

The effect of the combined chlorine on suspended cell disinfection and biofilm cell disinfection 

and detachment was determined in a number of experiments.

Disinfection and Detachment with Chlorine

In previous experiments, RT influent had contained considerable amounts of ammonia 

as the nitrogen source for microbial growth. Since free chlorine reacts quickly with ammonia 

to form inorganic chloramines, ammonia was substituted in these experiments with nitrate. 

Nitrate does not react with free chlorine. Otherwise Pseudomonas aeruginosa biofilm 

accumulated in a RT under conditions described in Experimental Systems and Methods. No 

significant difference in biofilm accumulation rate or steady state biofilm accumulation was 

observed as a result of the substitution of ammonia by nitrate.

In an initial experiment, biofilm accumulation rate was observed in the RT. Slides were 

removed from the RT during accumulation and the biofilm was analyzed for TOC, direct cell 

counts, and viable cells. RT effluent was simultaneously analyzed for total cells, viable cells, 

TOC and glucose. This procedure was only followed during the first experiment to determine 

the time required to reach steady state biofilm accumulation in terms of viable cells.

After steady state was reached, the RT was treated with chlorine. Chlorine was added 

continuously through the influent for one to three hours. In all experiments except one, an 

additional chlorine pulse was directly given to the RT at time zero. This pulse was equal to the 

chlorine dosage of the influent (see Table 4). Biocide treatment was terminated by eliminating 

chlorine from the influent and tripling influent flow rates for three residence times to flush out 

chlorine quickly from the RT.
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Table 4: Procedures of in situ biocide treatment.

exp. chlorine
species

chlorine
dose
(mg/I)

duration
(h)

pulse at 
time =  O

remarks

A free 1.1 3 No

B free 10.8 I Yes

C free 5.8 I Yes

D free 3.5 I Yes

E free 5.8 I Yes treatment 
repeated 5x

F combined 2.7 to 1,8 I No

Biofilm was sampled before and after biocide treatment and analyzed for TOC, viable 

cells, and total cells.

During biocide treatment, effluent samples were taken frequently and analyzed for 

TOC, SOC, glucose and total cells. The effluent TOC data and biofilm data from time zero 

were used to calculate cell specific detachment rates and residual biofilm during biocide 

treatment using a mass balance approach as described in Material Balances.

Calculations of cell specific detachment rates were based on effluent TOC data instead 

of biofilm data. Hence, biofilm sampling during biocide treatment was avoided. Advantages 

of the method are: I )  samples were obtained without disturbing processes in the R f, 2) 

determination of biofilm recovery through biofilm sampling is possible (not all slides are being 

removed), 3) results are based on the total biofilm surface area. Disadvantages of frequent 

biofilm sampling by removing slides are: 25%  of the biofilm could be removed from the RT1 

2 ) biofilm sampling requires temporarily halting the rotation of the drum with serious impact
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on shear stress and local biocide concentrations and, 3) aseptic conditions cannot be 

maintained during frequent sampling.

Biofilm recovery following biocide treatment was monitored, similar to initial 

accumulation, in most of the experiments.

Effects of Repeated Free Chlorine Addition

The effects of repeated treatment with free chlorine on biofilm cell detachment and 

disinfection were studied in situ in the RT. The biofilm was treated 5 times with 5.8 mg/I free 

chlorine (in influent +  pulse directly into RT) for I hour. The first biocide treatment took place 

5 days after inoculation and was repeated 4 times at 3 day intervals. Samples were taken only 

during the first, third and fifth biocide treatment (See Table 4).

Disinfection and Detachment with Combined Chlorine

The effect of combined chlorine on suspended cell disinfection and biofilm cell 

disinfection and detachment was studied in three experiments.

Suspended cell disinfection: A cell free solution of combined chlorine was prepared by 

adding 6 mg/I free chlorine to 200 ml RT effluent (no ammonia in RT influent). Reactions were 

allowed to proceed for 17 min. Cells were removed by centrifuging for 20  min at 2000  rpm 

and filtration of the supernatant over a 0 .4  /vm pc Nuclepore™ filter. This filtrate was tested 

for the absence of free chlorine.

Fresh RT effluent was homogenized and 9 ml were added to 82 ml of the combined 

chlorine solution. Samples for viable cells and combined chlorine were taken at various times.

Biofilm cell disinfection: A solution of combined chlorine was prepared by adding 8 mg/I 

free chlorine to 1200 ml RT effluent. After a reaction time of 20 min (free chlorine is zero),
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the solution was filtered over a double Whatman GF/C glass fibre filter to remove cells and 

other suspended solids. Five biofilm slides were removed from the RT and transferred to the 

combined chlorine solution. The slides were placed in a horizontal, biofilm-up position while 

stirring was gentle to minimize biofilm detachment and sloughing. At various residence times, 

slides were removed, biofilm scraped into 50 ml phosphate buffer, homogenized, and analyzed 

for viable cells and TOC. The combined chlorine concentration was monitored during the 

experiment.

Biofilm cell detachment: A solution of combined chlorine was prepared by adding 

chlorine (15 mg/I free chlorine; in influent +  pulse directly into RT) to a RT operating at steady 

state. Effluent was collected for 70 min. After most of the free chlorine had reacted the
-

solution was filtered over a double Whatman GF/C filter to remove all solids. The remaining 

free chlorine was scavenged through the addition of 0 .5  mg/I of a mixture of seven amino 

acids (lysine, leucine, phenyl-alanine, glycine, asparagine^ serine, and glutamic acid).

Biocide treatment was applied by replacing the RT influent (dilution water, buffer, and 

nutrient solution) with the filtered combined chlorine solution for one hour. Subsequent 

flushing quickly removed the residual biocide concentration quickly from the RT.

Influent, effluent and biofilm were sampled and analyzed to allow cell specific 

detachment rate and residual biofilm calculations.
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RESULTS AND DISCUSSION

Results of all experiments are presented and discussed in this section. A 

comprehensive listing of the raw data is presented in Appendix B through F.

RotoToraue Tracer Study

Two mathematical models (I and II) were used to analyze mixing in the RTS for two  

different initial conditions. The initial condition for model I is at t =  0 , C1, C2, C3, and C4 =  

O and the influent concentration in RT I =  Ci (step function). The initial condition for model 

Il is at t =  0 , C1 =  Cp, C2, C3, and C4 =  O while Ci =  O throughout the experiment (pulse 

function).

The progression of dye concentration for the four RT is described by 4 equations 

derived from mass balances of the four RT (see MATERIAL BALANCES, Tracer study).

Model I (step addition):

C1 =  CittCI-e-t/e)

C2 =  Citte-,/ett(et/0-1-t/Q)

C3 =  CittBve ttIeti6-H Z e -(V Q )2̂ )

C4 =  CittBtiett(Btie-I-V G -(V G )2ZZ-(VQ)2ZG)

Cx =  concentration of RT x (x =  1 ,2 ,3 , or 4)
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Ci =  concentration of RT I influent

t /0  =  time/RTS hydraulic residence time (dimensionless)

Model Il (pulse addition):

C1 =  Cp*e '1/0 

C2 =  Cp#t/0 *e - ,/Q 

C3 =  Cp/2 * ( t /0 )2*e-,/e 

C4 =  Cp/6 #(t /0 )3*e -‘/0

Cp =  concentration in RT I at time 0 (i.e., after pulse addition).

Calculated concentrations over a period of three RTS hydraulic residences times are 

presented in Figure 7 (model I) and Figure 8 (model II).

The model does not include reaction or absorption of the solutes. Thus, actual reactor 

concentrations of reactive solutes may be significantly different from dosed reactor 

concentrations.

The transport characteristics had practical consequences for the experimental work 

with the RT. For example, when the buffer solution flow was halted for approximately 30 sec 

(i.e., 0 :03 RT hydraulic residence times) to hook up biocide solution, no significant upsets of 

the system occurred. On the other hand, feeding biocide in a step manner to the RT resulted 

in relatively slow reactor biocide dose increases. This problem was largely overcome in the 

experimental work by combining "pulse and step" biocide addition which resulted in an 

"instantaneous" increase in biocide dose from zero to the desired levels (Figure 9).
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1 1.5 2
DIMENSIONLESS TIME (t/0)

RT 1

RT 2

RT 3

RT 4

Figure 7. Calculated dye concentration in the effluents of all 4 RT of a 
RotoTorque System (=  4 RotoTorques in series) after a step increase of the 
influent dye concentration of RT I from O to 1.

1 1.5 2
DIMENSIONLESS TIME (Ve)

Figure 8 . Calculated dye concentration in the effluents of all 4 RT of a 
RotoTorque System (=  4 RotoTorques in series) after a pulse addition of dye 
in RT I at t = 0.
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Similarly, residual biocide would remain in the RT long after biocide addition had ended. 

However, increasing influent rates temporarily after biocide treatment flushed out the biocide 

residual more quickly.

CD
E,
z
O

5
CE
I -
ZLU
O
Z
O
O
QLU
CO
O
Q

step +  pulse

DIMENSIONLESS TIME (t/e)

Figure 9. Biocide dose in the RT during step, pulse, and combined step/pulse 
biocide addition.

Calculated and measured concentrations in RT 4 effluent (Figure 10) make clear that 

advective mass transport in a RT can be accurately predicted with the assumption of ideal 

mixing if the rotational speed of the drum is 0 .92  m s'1 (i.e., drum speed during all other 

experiments). The observed effluent concentration is initially a little lower than the predicted 

concentration. However, this can be explained, at least partly, by not incorporating the liquid 

volume of the RT connecting pipes in the mathematical model.
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calculated

observed

I 1.5 2
DIMENSIONLESS TIME (t/6)

Figure 10. Dye concentration in the effluent of the last RotoTorque (RT 4) in a 
RotoTorque System (4 RotoTorques in series) after a step increase in the 
influent dye concentration of RT I from O to I (dimensionless concentration). 
Rotational speed of the inner drums was 0 .92 m s' .

When mixing intensity is decreased, deviation from the predicted values becomes larger 

(Figure 11). Some degree of short circuiting at a drum speed of 0 .0 9 2  m s ’ is obvious from 

the initially higher than predicted tracer effluent concentrations. Later, the observed 

concentration falls short of the predicted concentration for the same reason. By not including 

residence time in the pipes, the calculations somewhat concealed the short circuiting. Short 

circuiting is more apparent from comparison with observed concentrations at high drum speed 

(Figure IOand Figure 11).
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Figure 11 . Dye concentration in the effluent of the last RotoTorque (RT 4) in 
a RotoTorque System (4 RotoTorques in series) after a pulse increase in the 
influent dye concentration of RT I from O to I (dimensionless concentration). 
Rotational speed of the inner drums was 0 .092  m s ' .

Kinetics and Stoichiometry of Free Chlorine Reaction with System Components

Free chlorine decay was observed during chlorine exposure to several components of 

the experimental RT system in batch tests.

RT influent showed a significant free chlorine demand (Figure I 2), approximately 0 .6  

mg/I reacting in I 7 min which is equal to the RT hydraulic residence time used in this study.
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Since the free chlorine demand of the dilution water (Figure 13) and phosphate buffer (Figure 

14) were relatively low, most of the free chlorine demand must have come from the nutrient 

solution, probably as a result of the reaction with reduced metals and glucose since no was 

ammonia present. (The phosphate buffer showed some chlorine demand but it is negligible 

after the mixing with RT influent dilution water.) As a result, free chlorine was applied to the 

RT through the phosphate buffer influent and not through the organic carbon/mineral salt 

solution during in situ biofilm treatment. Thus, premature free chlorine losses in the storage 

containers were minimized during the experiments.

CONTACT TIME (min)

Figure 12. Free chlorine concentration in RotoTorque influent (stirred batch) 
after the addition of 2 .47  mg/I free chlorine.
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CONTACT TIME (min)

Figure 13. Free chlorine concentration in RotoTorque dilution water (stirred 
batch) after the addition of 2 .47 mg/I free chlorine.

?  5.5;
x__%

x  3.5-

60 SC 
TIME (min)

Figure 14. Free chlorine concentration in RotoTorque phosphate buffer after 
addition of 5 .3  mg/I free chlorine.
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CONTACT TIME (min)

Figure 15. Free chlorine concentration in RotoTorque effluent. Chlorine free 
effluent was collected from a RT operating at steady state. 2 .47  mg/I free 
chlorine was added at time zero in a stirred batch reactor.

The chlorine demand of RT effluent (Figure 15) is higher than that of RT influent (Figure 

12). Obviously (biological) processes in the RT create additional chlorine demand.

The clean polycarbonate RT exerted little free chlorine demand (Figure 16). The small 

initial demand can probably be contributed to some contamination of the reactor and not to 

reactor materials since no further demand was observed after a few minutes. Thus, no 

chlorine concentration gradients in the fluid viscous sublayer near the RT wall should be 

anticipated as a result of the reaction with polycarbonate.
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CONTACT TIME (min)

Figure 16. Free chlorine concentration in a clean RotoTorque filled with chlorine 
demand free water after the addition of 2 .35 mg/I free chlorine at time zero. 
The drum speed was 0 .92  m s'1.

Protective Mechanisms in Biofilm Disinfection

Cell Phenotype of Sessile Cells versus Suspended Cells

Cell phenotype may play an important role in the biocide susceptibility of biofilm cells. 

Cells grown in a biofilm may be phenotypically different from cells in dispersed growth, 

resulting in the lower biocide susceptibility of the biofilm cells. (Phenotype is used in its 

broadest meaning and includes, e.g., cell structure, cell morphology and cell physiology). The 

hypothesis was indirectly tested by exposing intact biofilm and artificially dispersed biofilm
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cells to free chlorine. It was assumed that biofilm homogenization did not significantly change 

cell phenotype. If low biocide susceptibility of biofilm cells were mainly a result of cell 

phenotype, artificially dispersed biofilm cells should have similar low biocide susceptibility.

Viable cell determinations show that the disinfection of artificially dispersed biofilm 

cells was dramatically more efficient than the disinfection of intact biofilm (Figure 17). Similar 

results were obtained from metabolic activity measurements (Figure 18). These results 

indicate that cell phenotype plays little or no role in the in the difference in biocide 

susceptibility between suspended cells and sessile cells. Clearly, other "mechanisms" than cell 

phenotype cause the documented large difference between biocide susceptibility of biofilm 

and cells from dispersed growth.

1E+14
intact biofilm

-X

1E+08;

1E+07
0 5 10 15 20 25 30 35

TIME (min)

Figure 17. Viable cells in intact biofilm and dispersed biofilm cell suspension
after treatment with 1.05 mg/I free chlorine (stirred batch). Suspended cells
numbers are expressed in terms of their areal concentration in the original
biofilm.
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intact biofilm1E+01

1.0E+00

1 E-Ot =

suspended biofilm cells1E-02:

1E-03;

1E-04;

1E-05;

1E-06
15 20
TIME (min)

Figure 18. Metabolic activity of biofilm cells and suspended biofilm cells after 
treatment (stirred batch) with 1.05 mg/I free chlorine. Results for suspended 
cells are expressed in terms of their areal concentration in the original biofilm.

The disinfection results are influenced by the chlorine decay kinetics of the two  

systems (Figure 19). The free chlorine decay rate was initially higher in the suspended cell 

system suggesting less biocide transport limitation. However at the end of treatment, only 

about 20%  more free chlorine had reacted with suspended cells than with the intact biofilm.

In the suspended cell disinfection tests (Figure 17), the concentration of viable cells 

initially drops very rapidly and than suddenly stabilizes after t = 5 min at a viable cell 

concentration of 4 .5 (^ 0 .3 )  * 10 8 cfu m 2 (Appendix C). The metabolic activity shows a similar 

pattern (Figure 18). This led to the hypothesis that the suspended cells that remained after 

5 min of disinfection (Figure 17) were cell aggregates instead of single cells, i.e., biofilm
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particles that had escaped complete homogenization. Cells in the aggregates were possibly 

more protected against disinfection than suspended cells, similar to protection in biofilm. 

Besides, disinfection of aggregate cells is only detected with the spread plate technique if all 

cells in an aggregate are disinfected. For example, IO 8 cell aggregates per ml yields the same 

viable cell count of 10 8 cfu/ml, whether I or 100 viable cells are present per aggregate. The 

hypothesis is further supported by the 4 to 57 times higher specific metabolic activities 

(Appendix C) that were observed for the presumed cell aggregates as compared to suspended 

cells at time zero and cells from intact biofilm. The seemingly sudden decrease in biocide 

susceptibility was also observed during other disinfection experiments with suspended cells 

(Figure 29).

intact biofilm

suspended biofilm cells

15 20
TIME (min)

Figure 19. Free chlorine concentration during treatment of biofilm and biofilm 
cell suspension in a stirred batch.
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Some researchers have observed increased metabolic activity after periods of 

environmental stress or cell damage. However, if a similar phenomenon was occurring here, 

the metabolic activity of cells in the intact biofilm should have increased as well. This was not 

observed.

Precision of total cell counts (Figure 20) and dry weight (Figure 22) determinations 

were low evidenced by the large variation in the results obtained for the suspended biofilm 

cells (dry weight =  1111 ( jf3 6 2 ) mg nr2 and total cells = 2.3(_+1.3 )#1012 cells n r2). 

Samples were periodically taken from a stirred batch reactor and no changes in total cell 

numbers or dry weight are believed to result from chlorine exposure. Intact biofilm samples

1 E + 1 3

2 7 15
TIME (min)

intact biofilm suspended biofilm

Figure 20. Total cells in biofilm and biofilm cell suspension after treatment with
1.05 mg/I free chlorine (stirred batch). Results for suspended cells are
expressed in terms of the original biofilm.
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consisted of biofilms from different RT slides and variations in total cell counts and dry weight 

are anticipated as a result of the heterogeneity of the biofilm, cell detachment during chlorine 

treatment and analytical error. The large analytical errors of the determinations conceal any 

differences that may have existed between the intact biofilm dry weights (Figure 22) and total 

cell numbers (Figure 20). Precision of the TOC analysis has been much higher. The analytical 

coefficient of variation for all TOC determinations reported in this thesis (Appendices B 

through G) averaged 3 .4  % while the sample coefficient of variation for suspended biofilm cell 

TOC in this experiment (Figure 21) was 4 .3  % (Appendix C).

Intact biofilm TOC (Figure 21) indicates that some biofilm detachment may have 

occurred during the experiment. At least intact biofilm TOC at 30 min is lower than at O min. 

This biased the viable cells counts of intact biofilm (Figure 17).
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intact biofilm suspended biofilm

Figure 21 Total organic carbon of biofilm and biofilm cell suspension treated
with 1.05 mg/I free chlorine (stirred batch). Results for suspended biofilm cells
are expressed in terms of the original biofilm.
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2 7 15
TIME (min)

RBW intact biofilm suspended biofilm

Figure 22. Dry weight of biofilm and biofilm cell suspension treated with 1.05 
mg/I free chlorine (stirred batch). Results for suspended biofilm cells are 
expressed in terms of the original biofilm.

Biofilm Mass Transfer Limitation

Limited penetration of biocide into a biofilm is hypothesized to be an important 

mechanism in the protection of biofilm cells against disinfection.

Two biofilms of different thickness were treated with free chlorine. If limited penetration is 

an important protective mechanism, the number of cells killed should be the same for both 

films. For example, 50%  disinfection of a film 100 //m thick would correspond to complete 

disinfection of a film 50 /vm thick. Figure 24 shows the number of viable cells in the two  

biofilms (8 and 21 i3 /v m )  during free chlorine treatment. Othervariables and parameters that 

were determined during the experiments are found in Figure 25 through 27.
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Figure 23. Chlorine concentration during treatment of biofilm with different 
thickness (8j^1 and 2 1 + 3  um) in a stirred batch.
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Figure 24. Viable cells in biofilm with different thickness (8 jf I and 21 J l S /vm)
after treatment with a dose of I mg/I free chlorine in a stirred batch.
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15 20
TIME (min)

thin —a— thick

Figure 25. Metabolic activity of biofilm with different thickness (Sj l I and 
21 J1Szym) after treatment with a dose of I mg/I free chlorine in a stirred batch.

800

TIME (min)

SSS thin thick

Figure 26. Total organic carbon of biofilm with different thickness (S j1I and
21_+_3 //m) treated with a dose of I mg/I free chlorine in a stirred batch.
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Figure 27. Total cells in biofilm with different thickness (S j1I and 21 Jl S /vm) 
treated with a dose of I mg/I free chlorine in a stirred batch.

I
E
X
O
HI
5
£Q

BW  thin thick

Figure 28. Dry weight of biofilm with different thickness (Sj l I and 21 J l S //m)
treated with an approximate dose of I mg/I free chlorine in a stirred batch.



AbsolUte cel! kill in the ,hick biofilm was much higher than in ,he thin film resulting in 

approximately ,he same fractions of cells killed. Although ,he initial free chlorine concentration 

for ,he ,hick film was ,0 %  higher than for ,he thin film, similar amounts of free chlorine had 

reacted after 15-20 minutes contact time (Figure 23 ). Observed cell disinfection does no, 

support the hypothesis tha, biofiim Ce,, kii, is proportional to biocide penetration. However, 

some differences between ,he.,w o films may prevent a simple comparison. Figure 23  shows 

that ,he amount of generated combined chlorine ,0 - 20 min) is much larger in ,he thin film  

system even though similar amounts of free chlorine had reacted. This suggests tha, ,he 

thinner , =  younger) biofiim contained more available reaction sites for ,he formation of 

combined chlorine. Hence, free chlorine penetration may have been greater in ,he thick film. 

The increase in free chlorine consumption (,hick film, near ,he end of treatment is not 

understood but may be a result of biofiim detachment as evidenced by ,he TOC and total cell 

data. Dry weight determinations (Figure 28) were unreliable.

Biofiim Cell Interartinn

Communication between cells in a biofiim may occur, if so. intercellular communication 

may influence ,he effectiveness of biocide action. Cell suspensions from free chlorine 

pre,rested and untreated biofilms were chlorinated (see EXPERIMENTAL DESIGN).

Chlorine disinfection efficiency in the cell suspensions did no, decrease as a result of 

pretreatment (Figure 29 ). Thus, no evidence was found to supper, the hypothesis. Small 

differences in ,he numbers Of viable ceils after complete chlorine treatment can probably be 

attributed to the difference in pretreatment. to cell kill and damage during pretreatment, and 

to differences in the degree of biofiim homogenization.
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Figure 29. Chlorine disinfection efficiency in cell suspension of biofilm and free 
chlorine pretreated biofilm.

In Situ Biofilm Treatment with Free Chlorine

The results of in situ biofilm treatment experiments are presented in this section for 

4 different free chlorine doses. A comprehensive listing of the raw data and graphical 

presentation of regression curves are presented in Appendix E.

In situ biofilm detachment rate studies were performed in the RT while cell specific 

detachment rate calculations were based on the material balance equations for effluent and 

biofilm total organic carbon (Eq.[11] and Eq.[7]) and on pretreatment biofilm analysis. Data 

from the effluent total organic carbon (X) were subjected to non-linear regression (method of



Ioast residual squares) using the software program TableCurve™. The resulting regression curves 

were described by polynomials or other special functions (F(t)). These functions were 

differentiated to obtain functions for dX/dt (=  P(t)). The biofilm detachment rate (Rd) at any time 

during biocide treatment could then be calculated from Eq.[16]:

Rd =  rdXbA /V =  F ( I) -D (X 1-Ftt)) [16]

Rd =  biofilm detachment rate (mg TOC I"1 h"1)

Since the only rate process affecting the biofilm accumulation (as TOC) during biocide treatment 

was the net detachment rate (Eq.[7]), the biofilm surface density could be calculated at any time 

during biocide treatment from Rd if the biofilm surface density was determined at a point during 

treatment. This reference value was obtained for each experiment at time zero. Biofilm areal 

density during biocide treatment can be calculated through substitution of Eq.[7] in Eq.[16] and 

integration of the result to yield:

Xb =  Xbo - Q/A*(0J,F(t)dt - X,t) - V/A*(F(t) - X0)

The biofilm cell specific detachment rate (rd) can be calculated from Eq.[18]:

rd — FiciVZXbA [18]

In all the experiments, the application of free chlorine resulted in higher cell specific detachment

rates than during steady state conditions prior to chlorine addition. The steady state cell
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detachment rate, based on viable cell counts (Eq.MOJ) yielded an average value of 0 .035/h  

(s.d. = 0 .02 , n = 16).

In situ Biofilm Treatment (1.1 mo/l free chlorine)

Biocide treatment during this experiment consisted of a step increase in free chlorine 

addition to RT influent (1.1 mg/I) for three hours. No simultaneous chlorine pulse was 

employed.

Cell specific detachment rates were only I to 4 times higher than during steady state 

conditions prior to free chlorine addition (Fig 30). Hence, after 180 min of treatment, only a 

small fraction of the biofilm (as cell carbon) had been removed (Figure 31). Absence of a pulse 

chlorine addition, as employed in the other three experiments, is reflected in the gradually 

increasing cell specific detachment rate as opposed to the high initial detachment rates 

observed in the other experiments.

end treatmentstart treatment

150
TIME (min)

Figure 30. Cell specific detachment rates of in situ biofilm during treatment 
with a dose of I - I  mg/I free chlorine. Treatment consisted of a step type 
addition to RotoTorque influent from time 0 to 180 min.
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Figure 31. Total organic carbon of in situ biofilm during treatment with a dose 
of 1.1 mg/I free chlorine. Treatment consisted of step type chlorine addition to 
RotoTorque influent (1.1 mg/I) from time O to 180 min.

The treatment also resulted in partial disinfection of the (residual) biofilm. Three hours 

after biocide treatment ceased, approximately 10 % of the original population remained as 

viable cells on the surface (Figure 32). Biofilm viable cell recovery to a steady state condition 

occurred quickly (approximately one day).

The dominant chlorine species present during biocide addition was combined chlorine 

and not free chlorine (Figure 33). No detectable amounts (>  0 .05  mg/I) of free chlorine were 

ever observed during this experiment as a result of the fast reaction with biomass and other 

dissolved compounds in the RT. The combined chlorine formed, is believed to be organic
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Figure 32. Viable cell numbers of in situ biofilm during treatment with a dose 
of U  mg/I free chlorine. Treatment consisted of step type free chlorine 
addition to RotoTorque influent from time O to 180 min.

chloramine from the reaction between free chlorine and nitrogen-containing organic 

compounds. The total amount of protein-N and amino acid-N present in the RT biofilm at the 

beginning of biocide treatment, was calculated as 2 mmole and 0 .05  mmole based on the 

following data: I )  biofilm areal density (dry weight) is approximately 1000 mg/m2 2) cells 

contain 73%  protein based on dry weight (Characklis, 1990) 3) protein/amino acid ratio 

(w /w) in cells is 30 (Brock and Madigan, 1988) 4) nitrogen contents of protein and amino 

acids is 17.6%  and I 5 .3%  based on the average nitrogen contents (w /w ) of the twenty  

essential amino acids. The total free chlorine dose during this experiment was 0 .09  mmole 

Cl2. Since, 0 .09  mmole of free chlorine reacts with approximately 0 .03  mmole organic
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nitrogen (Figure 3), there was obviously enough organic nitrogen (2.05 mmole) present to 

explain the observed concentrations of combined chlorine. Since biomass in the RT contains

a large variety of proteins and amino acids, the variety of organic chloramines is also believed 

to be large.
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Figure 33. Chlorine in RotoTorque effluent during in situ biofilm treatment with 
a dose of U  mg/I free chlorine. Treatment consisted of step type free chlorine 
addition to RotoTorque influent from time O to 180 min.

In situ Biofilm Treatment (10.8 mo/l free chlnrinm)

Biocide treatment during this experiment consisted of a step type free chlorine addition 

to RT influent (10.8 mg/I) for one hour. An additional free chlorine pulse (10.8 mg/I) was 

injected directly into the RT at time 0.

Higher detachment rates (Figure 34) were observed as compared to the previous
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experiment. As a result, more biofilm was removed from the surface after 60 min of treatment

(Figure 35). The effect of the initial biocide pulse directly into the reactor is clear from the 

initially high detachment rates.

X  1.6-

O 0.8-

O 0.4-

30
TIME (min)

Figure 34. Calculated cell specific detachment rates of in s ijy  biofilm during 
treatment w ith a dose of 10.8 mq/l free chlorine. Treatment consisted of a step 
type free chlorine addition to RT influent (10.8 mg/I) from time 0 to 60 min. An 
additional pulse (10.8 mg/I) directly into the RT was given at time 0.

Disinfection of the (residual) biofilm was very effective. A fter 60 min of treatment, 

approximately 0.1 % of the original viable population remained on the surface (Figure 36). 

Despite this high level of disinfection, biofilm recovery reached steady state within a few days 

(Figure 36 and Figure 38 through 41). Based on the steady state biofilm cell specific growth 

rate of 0 .034 I r 1 and ignoring cell detachment, calculated biofilm recovery would take more 

than 12 days. When accounting for cell detachment, this period would be even longer. Thus, 

cell growth rates were considerably higher during biofilm recovery than at steady state. This
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may have been caused by the higher nutrient levels in the RT during biofilm recovery (Figure 

37). These high nutrient levels resulted from the low nutrient removal rate by the small 

amount of biomass that was left in the RT after biocide treatment. It is plausible that 

increased nutrient transport through the biofilm and, hence, higher biofilm nutrient 

concentrations resulted in the higher biofilm cell specific growth rates.
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Figure 35. Total organic carbon of in situ biofilm during treatment w ith a dose 
of .10.8 mg/I free chlorine. Treatment consisted of a step type free chlorine 
addition to RT influent (10.8 mg/I) from time 0 to 60 min. An additional pulse 
(10.8 mg/I) directly into the RT was given at time 0.
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Figure 36. Viable cell numbers of in situ biofilm during treatment w ith  a dose 
of 10.8 mo/l free chlorine.

inoculation

biocide treatment ^  Diofilm recovery

steady state

10 11
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Figure 37. Glucose concentration in the RT during biofilm accumulation, 
biocide treatment, and biofilm recovery.
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Figure 38. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm just before biocide treatment, magnification 6000x.

Fig 39. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm four hours after chlorine treatment (10.8 mg/I free chlorine) 
ceased, magnification 6000x.
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Figure 40. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm twenty three hours after chlorine treatment (10.8 mg/I free 
chlorine) ceased, magnification 6000x. Note the presence of lysed cells.

Figure 41. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm eighty hours after chlorine treatment (10.8 mg/I free 
chlorine) ceased, magnification 6000x. Biofilm recovery is progressing.
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The free chlorine concentration in the RT dropped from 10.8 mg/I at time zero to a 

minimum of 0.5 mg/I after a few minutes before increasing slowly 1.3 mg/I after 60 min 

(Figure 42). The combined chlorine concentration was between 2 and 1.5 mg/I during the 

entire treatment period.
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Figure 42. Chlorine in RotoTorque effluent during in situ biofilm treatment w ith 
a dose of 10.8 mq/l free chlorine. Treatment consisted of a step type free 
chlorine addition to RT influent (10.8 mg/I) from time 0 to 60 min. An additional 
pulse (10.8 mg/I) directly into the RT was given at time 0.

In situ Biofilm Treatment (5.8 mo/l free chlorine)

Biocide treatment during this experiment consisted of a 5.8 mg/I free chlorine 

concentration step increase in the RT influent and an additional chlorine pulse (5.8 mg/I) 

directly into the RT at time 0. Treatment lasted I hour.
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Relatively high cell specific detachment rates were observed for the first 30 min of 

treatment (Figure 43). Comparison w ith results from the other treatments is hindered by the 

unusual high biofilm areal densities that were observed during this experiment (Figure 44). The 

average observed biofilm areal density during the other detachment experiments was 365 

mg/m2 TOC (s.d = 83; n = 7) compared w ith 1072 mg/m2 TOC in this experiment. No 

explanation could be found for this difference. Biofilm recovery following biocide treatment 

proceeded to the same high biofilm areal density indicating that this phenomenon was 

systematic and not random.

X  1.6-
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Figure 43. Calculated cell specific detachment rates of in situ biofilm during 
treatment w ith a dose of 5.8 mq/l free chlorine. Treatment consisted of a step 
type free chlorine addition to RT influent (5.8 mg/I) from time 0 to 60 min. An 
additional pulse (5.8 mg/I) directly into the RT was given at time 0.

Viable cell numbers were also unusually high during this experiment (Figure 45) before 

biocide treatment as well as after biofilm recovery. Three hours after biocide treatment had
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ended, 6 % of the original viable population remained on the surface as viable cells. Biofilm 

recovery to steady state took approximately 2 days.
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Figure 44. Total organic carbon of in situ biofilm during treatment w ith a dose 
of 5.8 mg/I free chlorine. Treatment consisted of a step type free chlorine 
addition to RT influent (5.8 mg/I) from time O to 60 min. An additional pulse 
(5.8 mg/I) directly into the RT was given at time 0.

The free chlorine concentration dropped from 5.8 to 0.05 mg/I in the first few minutes 

of treatment (Figure 46). The combined chlorine concentration was approximately 1.3 mg/I 

during the entire treatment period.
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Figure 45. Viable cell numbers of in situ biofilm during treatment w ith a dose 
of 5.8 mg/l free chlorine.
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Figure 46. Chlorine in RotoTorque effluent during in situ biofilm treatment with
a dose of 5,8 mq/l free chlorine. Treatment consisted of a step type free
chlorine addition to RT influent (5.8 mg/l) from time O to 60 min. An additional
pulse (5.8 mg/l) directly into the RT was given at time 0.
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In situ Biofilm Treatment (3.5 ma/l free chlorine)

Biocide addition during this experiment was similar to the previous tw o experiments 

except that a free chlorine dose of 3.5 mg/I was employed.

Treatment resulted in the same pattern of detachment rates (Figure 47 and Figure 48) 

as the previous tw o experiments. The detachment rates are lower than observed w ith 

treatment at higher free chlorine dosages (5.8 and 10.8 mg/I) and higher than those observed 

during treatment w ith a lower dosage (1.1 mg/I).

30
TIME (min)

Figure 47. Calculated cell specific detachment rates of in situ biofilm during
treatment with a dose of 3.5 mq/l free chlorine. Treatment consisted of a step
type free chlorine addition to RT influent (3.5 mg/I) from time 0 to 60 min. An
additional pulse (3.5 mg/I) directly into the RT was given at time 0.
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Figure 48. Total organic carbon of in situ biofilm during treatment w ith a dose 
of 3.5 mq/l free chlorine. Treatment consisted of a step type free chlorine 
addition to RT influent (3.5 mg/I) from time 0 to 60 min. An additional pulse 
(3.5 mg/I) directly into the RT was given at time 0.

Three hours after biocide treatment ended, approximately 5% of the original viable cell 

population was still present on the RT surface (Figure 49). Visible turbidity and particles in the 

RT effluent indicated that biofilm detachment was still occurring although chlorine treatment 

had ceased for three hours and little biofilm (31 mg/m2 as TOC) remained on the surface. 

Biofilm recovery was not monitored during this experiment.

Free chlorine dropped from 3.5 mg/I to below the detection lim it in the first few 

minutes of treatment (Figure 50). The combined chlorine concentration was approximately I . I 

mg/I during the entire treatment period.
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Figure 49. Viable cell numbers of in siiu biofilm during treatment w ith a dose 
of 3.5 mo/l free chlorine.
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Figure 50. Chlorine in RotoTorque effluent during in situ biofilm treatment with
a dose of 3 5 mq/l free chlorine. Treatment consisted of a step type free
chlorine addition to RT influent (3.5 mg/I) from time O to 60 min. An additional
pulse (3.5 mg/I) directly into the RT was given at time 0.
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Repeated In Situ Biofilm Treatment with Free Chlorinm

Biofilm was subjected to five consecutive in srtu treatments with free chlorine (5.8  

mg/I). Treatment frequency was low enough to allow biofilm recovery to steady state 

between treatments. Observations were only made.during the first, third and fifth treatment.

Differences between detachment rates during the treatments were small (Figure 51). 

The slightly lower detachment rate during the third treatment may have resulted from the low 

biofilm areal density during this experiment (Figure 52). Low detachment rates were not 

observed during the fifth treatment. Indications,that low biofilm areal densities correlate with 

low cell specific detachment rates have come from previous experiments. Relative high 

detachment rates were calculated for free chlorine treatment of a biofilm with an unusually 

high areal density (Figure 43). Relatively low initial biofilm detachment rates were calculated 

for free chlorine treatment of a biofilm with a relative low areal density (Figure 47). Observed 

biofilm areal densities after biofilm treatment appear to be somewhat lower than the 

calculated densities. Results may have been influenced by the heterogeneity of the post 

biocide treatment biofilm on the sample slides. For example, the sample coefficient of 

variation (n =  3) in areal density (as TOC) after the fifth treatment was 0 ,31 . In contrast, 

sample coefficient of variation (n =  5) was only 0 .03  for a steady state pretreatment biofilm. 

Systematic differences between observed and calculated densities may have resulted from 

uneven biofilm distribution and shear stress in the RT. For example, shear stress at bottom 

and top of the drum, floor plate, and in the draft tubes of the RT may have been lower than 

at the RT wall, resulting in low biofilm detachment rates. The total area of these surfaces is 

35%  of the RT wetted surface area. This would explain, at least partly, the higher calculated 

(average) biofilm areal density as compared to the observed density on the sampling slides.
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Figure 51. Calculated cell specific detachment rates of in siiy biofilm during 
repeated treatment with a dose of 5.8 mo/l free chlorine. Chlorine was added 
to RotoTorque influent from time 0 to 60 min in addition to a pulse directly into 
the RotoTorque at time 0.
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Figure 52. Total organic carbon of in situ biofilm during repeated treatment 
with a dose of 5.8 mg/I free chlorine. Chlorine was added to RotoTorque 
influent from time 0 to 60 min in addition to a pulse directly into the 
RotoTorque at time 0.
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Obvious differences were found between the disinfection rates of the three treatments. 

After the first treatment less than 2% of the original viable cell population remained on the 

surface while for treatments 3 and 5 these numbers were 62%  and 34%  respectively. Other 

bacterial species than Pseudomonas aeruginosa were accidently introduced into the system 

during sampling and became a significant part of the biofilm bacterial population during this 

long experiment. At the time of first treatment, the biofilm contained a mono population of 

Pseudomonas aeruginosa but at the time of the third and fifth treatment their fraction had 

declined to 85%  and 50%  of the total biofilm cell population. Although possible, it is unlikely 

that the change in population composition caused a large change in the disinfection rate of 

Pseudomonas aeruginosa cells.
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Figure 53. Viable cell numbers of in situ biofilm during repeated treatment with 
a dose of 5.8 mo/l free chlorine.
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Dry weight and TOC analysis of the biofilm before and after biocide treatment revealed 

a significant change in the TOC/dry weight ratio of the post treatment (residual) biofilm but 

not of the pretreatment biofilm (Table 5).

Table 5: Biofilm TOC and dry weight. Standard deviations of analysis and not sample standard 
deviations are presented.

treat
ment

TOC
before
treat
ment
(mg/m2)

d.w.
before
treat
ment
(mg/m2

TOC/d.w.
before
biocide
treatment

TOC
after
treat
ment
(mg/m2)

d.w.
after
treat
ment
(mg/m2)

TOC/d.w. 
after biocide 
treatment

I 467j+_28 1114 0 .42 160+.8 559 .29
3 324  +  4 771 0 .42 179 +  8 4 04 .44
5 3 3 5 .+ 10 899 0 .37 234_+7 287 .82

Visual observation of the biofilm revealed that the biofilm spatial heterogeneity increased with 

increasing number of treatments. Biofilm accumulation became more "patchy" and was 

especially heavy along the perimeter of the sampling slides. This may have played a role in the 

change in disinfection rates.

The chlorine concentrations in the RT effluent during the treatments were quite similar 

(Figure 57). A little higher combined chlorine concentration developed during the course of the 

first treatment. This was probably a result of the higher concentration of suspended biomass 

in the RT during this treatment, providing more reactants for the production of combined

chlorine.
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Figure 54. Scanning Electron Microscopy (SEM) picture of steady state 
Pseudomonas aeruginosa biofilm before biocide treatment, magnification 
IOOOx.

Figure 55. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
^ VAinosa biofilm during progressed stage of biofilm recovery, magnification 
1OOOx. Note the "patchy" biofilm distribution.
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Figure 56. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm, magnification 6000x. Thin strands of Extracellular Polymeric 
Substance (EPS) connect the cells. (EPS morphology may have been affected 
by sample preparation.)
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Figure 57. Chlorine in RotoTorque effluent during repeated in situ biofilm 
treatment with a dose of 5 8 mq/l free chlorine. Chlorine was added to 
RotoTorque influent from time O to 60 min in addition to a pulse directly into 
the RotoTorque at time 0.
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Cell Disinfection and Detachment with Combined Chlnrinm

Disinfection of suspended biofilm cells and intact biofilm with combined chlorine was 

studied in batch systems. Detachment and disinfection of in siiu biofilm with combined 

chlorine was studied in the RT.

Combined chlorine was active in disinfecting suspended biofilm cells (Figure 58). Nearly 

100%  disinfection occurred within the first few minutes of exposure to 1.3 mg/I combined 

chlorine. A similar test on the disinfection of intact biofilm yielded no measurable changes in 

viable cell numbers (Figure 58).
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Figure 58. Viable cells in biofilm and biofilm cell suspension during treatment 
with an approximate dose of 1.2 mg/I combined chlorine (stirred batch).
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Figure 59. Combined chlorine concentration during treatment of biofilm and 
biofilm cell suspension in a stirred batch.

The initial TOC/combined chlorine ratio during these experiments was similar for better 

comparison of the results. The decline in combined chlorine concentration in the suspended 

cell system and in the intact biofilm system were approximately the same (Figure 59). This 

was in contrast with similar experiments with free chlorine (Figure 19) where the decline in 

free chlorine concentration in the suspended cell system was initially much larger than in the 

intact biofilm system. Furthermore, in both systems, the extent of reaction was larger in the 

case of free chlorine than for combined chlorine. These observations indicate that the 

reactivity of combined chlorine with biomass is less than for free chlorine. Most of the 

combined chlorine demand observed during the experiments can be explained by the 

spontaneous disintegration of these compounds (Figure 64). In an experiment where the
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decline of combined chlorine was monitored in the presence of suspended biomass and 

without suspended biomass (same solution filtered over a 0.4/vm filter), the decay rates were 

approximately the same. All combined chlorine was in solution and not associated with 

biomass since filtration did not remove any combined chlorine and no combined chlorine was 

detected in the filter residue.

Biofilm cell detachment and disinfection in the RT were measured during treatment 

with 2.7 to 1.8 mg/I combined chlorine. The one hour treatment consisted of a step type 

combined chlorine addition to RT influent. No additional pulse was employed. Chemical 

instability of the combined chlorine caused the decline in RT influent concentration during 

treatment (Figure 64). Significant cell specific detachment rates resulted from the treatment 

(Figure 65).

start treatment

end treatment

observed

TIME (min)

Figure 60. Total organic carbon of in situ biofilm during treatment with a dose 
of 2 .7 -1 .8  mg/I combined chlorine. Combined chlorine was (exclusively) added 
to RotoTorque influent from time O to 60 min.
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Figure 61. Viable cell numbers of in situ biofilm during treatment with a dose 
of 2.7 - 1.8 mg/I combined chlorine. Combined chlorine was (exclusively) added 
to RotoTorque influent from time O to 60 min.

start treatment

I

Figure 62. Scanning Electron Microscopy (SEM) picture of steady state 
Pseudomonas aeruginosa biofilm before biocide treatment (2.7 - 1.8 mg/I) 
combined chlorine, magnification 10OOx.
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Figure 63. Scanning Electron Microscopy (SEM) picture of Pseudomonas 
aeruginosa biofilm 10 min after biocide treatment (2.7 - 1.8 mg/I combined 
chlorine) has ceased, magnification IOOOx.

30
TIME (min)

Figure 64. Combined chlorine concentration in RotoTorque influent during in 
situ biofilm treatment —
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30
TIME (min)

Figure 65. Observed cell specific detachment rates of in siiu biofilm during 
treatment with a dose of 2.7 - 1.8 mq/l combined chlorine. Combined chlorine 
was (exclusively) added to RotoTorque influent from time 0 to 60 min.

Immediately after treatment, 56 % (s.d. = 4% ) of the original viable cell population 

remained on the surface as viable cells. When accounting for the amount of biomass that 

detached during treatment (31% ), approximately 80%  of the cells in the residual biofilm 

remained viable.

The combined chlorine concentration in the effluent never exceeded I mg/I and was 

approximately 0 .9  mg/I during most of the experiment (Figure 66).
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Figure 66. Combined chlorine in RotoTorque effluent during in situ biofilm 
treatment with a dose of 2 7 - 1.8 mg/l combined chlorine. Combined chlorine 
was (exclusively) added to RotoTorque influent from time O to 60 min.

Kinetics of Biofilm Cell Disinfection

Biofilm cell specific disinfection rate during biocide treatment of intact biofilm in a 

batch reactor was calculated from the biofilm viable cell balance: 

dXb

A = UbXbA - rdXbA - rkXbA [19 ]

dt

rate of rate of net rate of rate of

accumulation growth detachment disinfection
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rk =  biofilm cell specific disinfection rate (h"1)

Growth rate is very small compared to disinfection rate during biocide treatment. Cell 

detachment was minimized by employing a very low shear stress. Thus, Eq.[19] can be 

simplified to:

dXb

A — =  - rkXbA

dt

rate of rate of

accumulation disinfection

Solving this equation, assuming rk is constant, yields:

^b=^b,0*e *

[ 20 ]

[ 21 ]

rk can be estimated by fitting Eq.[21] to observed viable biofilm cell numbers during biocide 

treatment. During treatment of intact biofilm in a batch reactor with 1.05 mg/I free chlorine 

(Figure 17), rk was 3 h"1 (Figure 67).

Similarly, the rk during identical treatment of suspended biofilm cells (Figure 17) was 

270 h during the first 2 minutes of treatment (Figure 68). This should be considered a 

minimum estimate since the initial rate was too high to be accurately measured. It is 

conceivable that disinfection was largely completed before the first sample was obtained.
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Figure 67. Observed and calculated viable cells during treatment of intact 
biofilm in a batch reactor with 1.05 mg/I free chlorine.
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Rgure 68 Observed and calculated viable cells during treatment of suspended 
biofilm cells in a batch reactor with 1.05 mg/I free chlorine.
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Disinfection rates during in situ treatment in the RT can be calculated by neglecting 

growth but not detachment in Eq.[19] to yield:

dXb

A — = rdXbA - rkXbA [22]

dt

rate of net rate of rate of

accumulation detachment disinfection

This equation can be easily solved if rk and rd are constant. However, rd was not constant 

during in situ treatment (Figure 30, Figure 34, Figure 43, Figure 47 , and Figure 65). In a 

different approach to this problem, observed viable cell numbers were corrected for the 

change in observed biofilm areal density (as TOC) as a result of biofilm detachment. rk could 

then be estimated from the solution of the biofilm cell balance without terms for cell growth 

and detachment:. Eq.[21 ]. rk of the in situ treatment experiments has a linear relationship with 

chlorine dose (Figure 69). The relation between chlorine dose and cell specific rate does not 

allow simple down or up scaling for other systems. The analysis was mainly performed to 

determine the relationship between free chlorine dose and cell disinfection rate in the low free 

chlorine dose range. The resulting RT free chlorine concentration was near the detection limit 

in that range and could not be accurately measured. It is believed that there is a strong, 

positive correlation between free chlorine dose and RT free chlorine concentration. Hence, the 

analysis yields information about the relationship between free chlorine concentration and cell 

specific rate in the low free chlorine concentration range.
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very high biofilm areal density

CHLORINE DOSE (mg/I)

0  observed ------calculated

Figure 69. Biofilm cell specific disinfection rate of in situ biofilm treatment in 
the RT as a function of free chlorine dose.

A first order "kinetic" expression for biofilm cell disinfection rate by free chlorine can 

be described by:

rk = R1(CI2) (k, =  0 .4 7 ^ 0 .0 3  I mg'1 hr1)

k, = first order rate coefficient for specific biofilm cell disinfection (I mg 1 Ir 1)

(CI2) = free chlorine dose (mg/I)

The relationship between free chlorine concentration in the RT and rk approaches 0 .25  order

kinetics (Figure 70) and can be described by:
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rk = k2[CI2]0 26 (k2 = 5.5 I0'25 mg 025 h 1)

k2 = 0 .25  order rate coefficient for specific biofilm cell disinfection (I0 25 mg 0 25 h"1) 

(Cl2] = free chlorine concentration in the RT (mg/I)

very high areal biofilm density

FREE CHLORINE CONCENTRATION (mg/I)

a OBSERVED ------  CALCULATED

Figure 70. Biofilm cell specific disinfection rate of in situ biofilm treatment in 
the RT as a function of free chlorine concentration.

Chlorine Reaction Kinetics

Modelling the effect of biocide addition on biofilm removal and disinfection requires 

detailed knowledge of the relationships between biocide concentration and relevant biofilm
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process rates. Importantly, chlorine concentrations in a system must be predicted after 

chlorine is added to the system.

Chlorine addition to a system containing biomass does not result in a simple or stable 

concentration of chlorine compounds. Residual free chlorine, after mere seconds of contact, 

was often only a small fraction of the free chlorine dose (Figure 42) resulting from (fast) 

reactions between free chlorine and other system components. The reaction between free 

chlorine and the abiotic system components was limited (Figure 13, Figure 14, and Figure 16). 

Thus, biomass (biofilm and/or suspended biomass) exerted the primary free chlorine demand. 

RT effluent (Figure I 5) had a significantly larger free chlorine demand than RT influent (Figure 

13) even though effluent had a lower organic carbon content than influent (organic carbon 

was transformed to CO2 through catabolic processes). The formation of biomolecules from 

substrate carbon and nutrients obviously resulted in compounds with higher affinities for free 

chlorine than the individual building blocks (e.g., glucose). The reaction rates between free 

chlorine and suspended cells and free chlorine and biofilm, were determined separately by 

measuring the free chlorine decay rate in RT effluent and in a RT for 3 .2  % covered with 

biofilm (three sample slides) and filled with chlorine demand free phosphate buffer (see: 

EXPERIMENTAL DESIGN; Kinetics and Stoichiometry of Free Chlorine Reaction with System 

Components). Reaction rates were calculated from a non-linear least square regression 

analysis (Figure 71) of the raw data (Appendix B). Results were extrapolated, assuming 

pseudo first order reaction kinetics with respect to biomass concentration, for a RT with 

100%  biofilm cover. RT effluent was assumed to have a biomass concentration of 20 mg/I 

as TOC, "typically" observed during biocide treatment of the RT. The results indicate that the 

free chlorine decay rate due to suspended cells was initially very high but dropped off quickly. 

The free chlorine decay rate resulting from reaction with biofilm is initially much lower than
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for suspended cells but decreases much slower and becomes the highest rate after 

approximately one minute (Figure 71).

3 10 12 14 16 18 20
TIME (min)

100% biofilm 

effl.(20 mg C/I) 

3.2% biofilm

effl.(2 mg/I)

Figure 71. Free chlorine decay in RT effluent and in a RT with partial biofilm

Free Chlorine Reaction Kinetics with Suspended Cells

The observations of chlorine decay in RT effluent lead to the following simplified model 

for reactions in the bulk fluid. Two reactions were assumed to be consuming free chlorine: I ) 

a fast reaction which is essentially complete in less than a minute and 2) a slower reaction 

involving biomass reaction sites with moderate access or lower chlorine affinity. The chlorine 

decay rate in the bulk fluid can be described with the following rate expression assuming
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pseudo first order reaction rate kinetics for all reactants involved: 

d[CI2] .

..........— +  k4[CI2][S2] [23]

dt

k3 (^4) =  first order rate coefficient for the slow (fast) reaction (I mole"1 s'1)

[Si] ([S2]) =  concentration of reaction sites for the slow (fast) reaction (mole/I)

Application of the rate equation requires a priori knowledge of the concentration of 

reaction sites on the biomass. Qualls and Johnson (1983) observed very similar reaction 

kinetics during the reaction of free chlorine with fulvic acids in lake water. They assumed

reactive sites to be related to the molar biomass carbon concentrations by the following 

equations.

[51] =  aJX] [24 ]

[52] =  a2[X] roKi

Estimates of the pretreatment and a2, and k3> and k4 were made indirectly, based 

on their experimental free chlorine decay data. At first, initial estimates were made from the 

free chlorine decay curves. From these estimates, the best values for av a2, k3, and k4 were 

determined by iterative simulation until good fits were found for all experimental results. 

Accurate estimates, according this method, requires a series of free chlorine decay curves for 

various initial free chlorine and biomass concentrations. Free chlorine decay data in RT effluent
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allowed initial rough estimates of the parameters. The following values were obtained:

a, =  0 .12  

a2 =  0 .12

k3 = 1 .1 4 *1 0  2 I mole"1 s'1 

k4 =  2 .8 9 *  10 3 I mole"1 s'1

The reaction rate coefficient for the fast reaction should be considered a minimum 

estimate. The rapid rate of reaction precludes monitoring its progression with wet chemistry 

methods. It is conceivable that the reaction is largely completed before the first sample is 

analyzed (approximately 30 sec after chlorine addition).

Fast completion of the reaction does not mean that it plays no role during advanced 

stages of in situ RT chlorine treatment. In contrast with the batch reactor experiment, 

detached biofilm cells are continuously entering the fluid phase to "fuel" both fast and slow 

reactions. Only determination of the reaction of free chlorine with biofilm in terms of kinetic 

expressions and application in a chlorine material balance will determine if the reaction has 

significance during later phases of treatment. This is an iterative process since detachment 

rate and chlorine decay rate are mutually dependent on each other.

One can speculate that the fast chlorine reaction can be attributed, at least partly, to 

the formation of combined chlorine, based upon the observation that significant amounts of 

combined chlorine, are immediately generated after the addition of free chlorine to the RT 

(e.g.. Figure 42). Complete oxidation of organic carbon was not observed during a batch 

experiment where suspended biofilm was exposed to 10 mg/I free chlorine (Table 6). 

However, it is possible that partial oxidation of biomolecules occurs which does not affect the
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total organic carbon concentration. Other researchers have observed the generation of CO2 

during the reaction of free chlorine with organic compounds. Dotson eta]. (1986) studied the 

reaction of free chlorine (10 mg/I) with organic matter in natural waters and effluents from 

waste water treatment plants. He found that mineralization of organic matter (i.e., oxidation 

to CO2) was universal and constituted the most significant chlorine decay process observed. 

However, there are some distinct differences between his system and the system of this 

study that can explain the inconsistency. The initial molar free chlorine/carbon ratio during 

Dotson's experiments was approximately 5 to 10 times higher than in the experiments of 

Table 6 and 10 to 100 times higher than in all other experiments described in this thesis.

Table 6: Total organic carbon in a biofilm cell suspension and a yeast extract solution before 
and after exposure to 10 mg/I free chlorine for 60 min.

Sample type TOC before chlorine 
exposure (mg/I)

TOC after
chlorine exposure (mg/I)

Free 
chlorine 
after 60 min 
(mg/I)

biofilm suspension 30 .13 30 .80 4 .2

30 .23 30.30 4 .2

yeast extract 
solution

18.95 18.90 0 .0

18.63 18.84 0.0
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The contact times in Dotson's work were much longer; up to 14 days although most CO2 was 

usually generated in the first 2 days. Dotson further states that concentrations of reduced 

compounds (Fe++, Mn+, ammonia, nitrite and organic amines) were usually present in 

concentrations too low to exert a major fraction of the free chlorine demand. In the few cases 

that reduced compounds were more abundant, the mineralization of organic matter was 

retarded!

An indication that the formation of combined chlorine is the main reaction by chlorine 

during treatment of the RT, is deduced from the ratio combined chlorine oenerated/free 

chlorine reacted: 0 .2 7 jf0 .0 5  (n =  31). In a comparative test where free chlorine reacted 

instantly with excess amino acids (same mixture of amino acids as in previous experiments), 

this ratio was 0 .31 . Assuming that the instant reaction with amino acids consisted exclusively 

of the formation, of combined chlorine, it becomes clear that little free chlorine has been 

available for other reactions during treatment of the RT. It is even more apparent when 

considering the 17 min hydraulic residence time of the RT and the high decay rate of 

combined chlorine (Figure 64): Decay of combined chlorine in the RT resulted in 

underestimation of generated combined chlorine/free chlorine reacted ratio in the RT.

Combined chlorine formation is the dominant reaction during RT chlorination although 

some (partial) oxidation of organic carbon or other chlorine reactions may occur.

Free Chlorine Reaction Kinetics with Biofilm

Reaction of free chlorine with intact biofilm does not proceed as fast as when biofilm 

is present in dispersed form (Figure 19). Thus, transport limitation (convection in the bulk fluid 

and possibly diffusion in the biofilm) in the intact biofilm system limits the free chlorine decay

rate.
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Biofilm thickness had no clear influence on free chlorine decay rates during the first 20  

min of contact (Figure 23). During the various in situ biofilm biocide treatments, the biofilm 

specific free chlorine consumption had been less than or the same as in this experiment.

The following kinetic expression for the reaction of free chlorine with biofilm is 

proposed, based on these observations and on the free chlorine decay rate observed in the 

RT with 3 .2%  biofilm cover:

r = k5*[CI2]*A /V  [26]

r =  free chlorine biofilm decay rate (//mole I'1 s'1) 

k5 =  first order reaction rate coefficient (I s'1 m"2)

[Cl2] =  free chlorine concentration (//mole I'1)

A =  biofilm surface area (m2)

V = volume (I)

The value of k5 (0 .066  I s 1 m"2) was estimated from the tangent of the regression line 

through the points of the free chlorine decay curve at time zero (Appendix B). The rate 

expression (Eq.[26J) describes well the initial decay of free chlorine in the presence of biofilm. 

However, the expression is less accurate as more free chlorine reacts with biofilm material 

(Figure 72), probably because it does not account for a decline in reaction sites as the reaction 

proceeds. The concentration of reaction sites is not a variable in this model but assumed 

constant and is included in k5. The model is effective for situations where relatively few  

reaction sites are lost and the simplification is justified. During the jn situ biofilm treatment 

experiments the free chlorine reacted/initial reaction sites present ratio (mole/mole) varied from
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2.5 to 22% . This means that the concentration of reaction sites did not change dramatically. 

Also, chlorine diffusing into the biofilm is most likely to react with reaction sites near the 

water/biofilm interface. Hence, (increased) detachment of cells during biocide treatment 

removes the cells with the fewest reaction sites. Hence, the remaining biofilm cells have more 

reaction sites per cell as assumed in the calculation. Therefore, the proposed model may yield 

good predictions for free chlorine decay in the RT within the used range of free chlorine doses 

tested.

o 25-

regression

kinetic

500 1000 1500 2000 2500 3000 3500 4000
CONTACT TIME (sec)

Figure 72. Free chlorine concentration in RT with 3.2%  biofilm
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CONCLUSIONS

1) Free chlorine reacts quickly with biomass resulting in the formation of combined 

chlorine.

2) The resultant combined chlorine has disinfecting properties in suspended cell 

systems but is relatively ineffective in biofilm cell disinfection.

3) Biofilm cell specific disinfection rates were slightly higher than biofilm cell specific 

detachment rates during in situ treatment of Pseudomonas aeruginosa biofilm with 

free chlorine.

4) Repeated in situ treatment with free chlorine did not significantly affect biofilm cell 

specific detachment rate. The biofilm cell specific detachment rate decreased after

the first two treatments.
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APPENDIX A

Dimensions.of the RotoTorque
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Drum:
- wetted height
- diameter
- wetted surface area (vertical)
- wetted surface area (horizontal)
- total wetted surface area

Draft tubes:
- number
- diameter
- length
- angle of inclination
- surface area

Outer cylinder:
- wetted height
- diameter
- wetted surface area (vertical)
- wetted surface area (horizontal)
- total wetted surface area

Slides:
- number
- thickness
- width
- wetted length
- wetted slide surface area

Reactor:
- total wetted surface area
- relative total slide surface area
- liquid volume (150 rpm)
- total surface/volume ratio
- width of annular gap

177 m m . 
102 mm 

56700 mm2 
16000 mm2 
73100 mm2

4
10 mm 

180 mm 
80°

23100 mm2

220 mm 
113 mm 

78100 mm2 
20100 mm2 
98200 mm2

12
0.5 mm 

15 mm 
220 mm 

3300 mm2

0.17 m2 
42%
0.52*10-3 m3 
0.33, mm-1 
5.5 mm



116

APPENDIX B

Preliminary Chlorine Decay Studies
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Table 7: Chlorine decay in RT influent

Time
(min)

Free CI2 
(mg/I)

second
sample

third
sample

average standard
deviation

0 2.45 2.45

4.5 1.95 1.95

8 2.9 2.9 (?)

11 1.8 1.8

22 1.95 1.5 1.75 1.73 .23

36 1.2 1.4 1.35 1.32 .10

57 1.3 1.2 1.05 1.18 .13

133 1.1 1.3 1.2 .14

Table 8: Chlorine decay in RT dilution water

Time
(min)

Free CI2 
(ppm)

second
sample

third
sample

average standard
deviation

0 2.45 2.45

2 2.3 2.3

6 2.25 2.25

9 2.2 2.2

13 2.15 2.15

19 2.2 2.2

23 2.15 2.15

31 2.2 2.2

42 2.15 2.15 2.15

69 2.1 2.2 2.05 2.12 .08

165 2.1 2.1 2.15 2.12 .03
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Table 9: Chlorine decay in phosphate buffer

Time
(min)

Free CI2 second
sample

third
sample

average standard
deviation

0 I

.5 5.3

12.5 5.3

21.5 5.05

28 4.45 4.65 4.55 0.14
33.5 4.85 4.6 4.73 0.18
40 4.6 4.55 4.58 0.04
47.5 4.95 4.85 4.9 0.1
64 4.9 4.9 4.9 0.0
72 5 4.8 4.9 0.14
98 4.55 4.65 4.6 0.1
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Table 10: Chlorine decay in RT effluent

Time (min) Free CL2 
(mg/I)

second
sample

third
sample

average standard
deviation

0 2.47 2.47

.6 1.05 1.05

1.1 1.0 1.0

1.7 ' .9 .9

2.2 .9 .9

3.3 .85 .85

6 .65 .6 .7 .65 .05

9 .4 .55 .5 .48 • .08

15 .45 .4. .43 , .04

21.5 .4 .35 .35 .37 .03

31 .3 .3 .3 .3 .02

48 .15 .15 .15 .15 .02

57.5 .05 .05 .05 .05 .01
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Table 11: Chlorine decay in clean RT

Time (min) Free CI2 
(mg/I)

second
sample

third sample average standard
deviation

-

0 2.35

1.5 2.15

3.5 2

5.5 2.6

9 1.85

11 2.1

13 1.8

17 2.05

19 2

22 1.95

26.5 1.95

30.5 1.95

33.5 1.9

38.3 1.95

40.5 1.85

43.3 2

48 1.95

51.5 1.85

56.5 1.85

58.3 1.8

61.3 2

82 1.6



APPENDIX C

Biofilm and Suspended Cell Disinfection in Batch Reactor with Free Chlorine
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Table 12: Intact biofilm; thickness is 21 /vm.

time

(min)

viable cells 

(cfu/m2)

metabolic activity 
(ug C02/m2/h)

total cells 

(cells/m2)

0 6.3(0.3)e12 .72 8.9(2.3)612

2 4.3(0.4)e12 .69 7.1(1.8)612

7 . 4.8(0.4)e12 .49 8.5(2.0)612

15 2.7e12 .31 7.8(1.9)612

30 1.8e12 .24 4.1(1.2)612

Time (min) Total CL2 (mg/I) Free CI2 (mg/I) TOC (mg/m2) Dryweight
(mg/m2)

0 1.05 1.05 447 (18) 1132

2 415 (18) 1351

3 1.0 .85

7 392 (3) 1370

8 .8 .6

15 430 (5) 1538

16 .7 .5

23 .65 .35

30 347 (12) 1239

31 .55 .2
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Table 13; Suspended biofilm cells

Time

(min)

Viable cells 

(cfu/m2)

metabolic activity 
(Jjg C02/m2/h)

Total cells 

(cells/m2)

0 6.5e12 .85 4.2(2.5)e12
2 8.3e8 .0018 1.1 (0.2)e12

7 4.5e8 .00021 2.4(0.3)e12

15 4.2(1.7)e8 .0030 1.1(0.2)e12

30 4.7(0.8)e8 .0010 2.7(0.3)612

Time (min) Total CI2 (mg/I) Free CI2 (mg/I) TOC (mg/m2) Dryweight
(mg/m2)

'

0 1.05 1.05 389 (11) 618

2 422 (11) 1066

3

7 407 (11) 1275 ’

8 .25

15 407 (11) 998

16 .1

23

30 377 (22) 1600

31 .55 .05
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Table 14: Intact biofilm; thickness is 8/vm.

Time
(min)

Viable cells (cfu/m2) Metabolic activity 
(ju g  C02/m2/h

Total cells 
(cells/m2)

0 2.8(0.4)e12 .28 3.9(1.3)e12

2 2.7(0.3)e12 .21 4.2(0.9)e12

7 3.3(0.3)e12 .16 3.3(1.3)e12

15 1.5(0,1)612 ,13 3.5(0.9)e12

30 1.4(0.1)e12 .15 3.3(1.0)e12

Time (min) Total CI2 (mg/I) Free CI2 (mg/I) TOC (mg/m2) Dryweight
(mg/m2)

0 0.95 0.95 287 (3) 618

2 273 (2) 643

3 0.9 0.6

7 299 (9) 691

8 0.8 0.45

15 256 (2) 579

16 0.7 0.4

23 0.63 0.3

30 306 (9) 669

31 0.6 0.23
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APPENDIX D

Biofilm and Suspended Cell Disinfection in Batch Reactor with Combined Chlorine
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Table 15: Suspended cells

Time (min) Combined CI2 (mg/I as CI2) Viable cells (cfu/ml)

-

O 1.3 7.5(2.4)e6
0.17 2.1 (0.3)e6
1 1.8(0.3)e6
3 1.33

5 2.0e2
9 1.33

15 2.0e2
20.5 1.15

30 1.0e2
32 1.05

130 0.7
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Table 16: Intact biofilm

Time Combined CI2 Viable cells TOC

(min) (mg/I) (cfu/ml) (mg/m2)

0 1.2 1.4(0.3)e13 587 (3)
2 1.50(0.02)e13 635 (6) .
6 1.1

7 : 1.46(0.09)e13 635 (6)
11 1.1

15 1.6(0.1)e13 521 (25)
16 1.05

25 1.03

30 1.74(0.05)613 345 (1)
136 0.8



APPENDIX E

IQ situ Biofilm Treatment with Free Chlorine
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Table 17:Jn situ biofilm treatment with 1.1 mg/I free chlorine

Time Biofilm Biofilm Effluent Effluent Total Free CI2
TOC viable

cells
TOC viable cells CI2

(h +  min) (mg/m2) (cfu/m2) (mg/I) (cfu/ml) (mg/I) (mg/I)

0 0 0 • 0 0 0

biocide treat ment from 143 h to 146 h

143 407 9.8e12
(0.5)

2.5 4.0e7 0 1.1

143+5 5.0 ?
143+9

143+10 4.03

143+12 .15

143+15 4.18

143+17 0

143+20 8.47

143+24 .15 0

143+25 5.37

143+30 5.41

143+33 0

143+35

143+39 .23

143+40 5.75 (0.01)

143+45 12.05

143+50 9.48

143+55 12.52

143+60 13.48
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144+5 0

144+8 .3

144+15 11.84

144+30 12.52

144+36 0
144+45 11.24

145 14.49

145+15 9.13

145+26 .23

145+30 10.4

145+45 7.48

146 387 3.4e12
(0.3)

7.95 .3 0

biocide treat merit ended at 146 h

166 321 7.4e12
(0.8)

4.2e7 0 0

190 388 7.6e12
(1.8)

2.4e7 0 0

213 565 7.3e12
(0.3)

1.5e7 0 0

240 630 9.9e12
(0.7)

1.5e7 0 0

(Table 17 contd.)
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Table 18: In situ biofilm treatment with 10.8 mg/I free chlorine

Time Biofilm
TOC

Biofilm 
viable cells

Effluent
TOC

Effluent
viable

Total
CL2

Free CI2

(h+min) (mg/m2)
(cfu/m2)

(mg/ml)

cells

(cfu/ml) (mg/I) (mg/I)

0 0 0 0 0 0 0
43 70 6.2e10 5.7 1.7e6 0 0

66 124 7.8e11 3.2 1.6e7 0 0

. 84 272 2.9e12 3.7 1.9e7 0 0

95 286 3.4e12 3.7 1,6e7 0 0
111 331 4.6e12 4.3 3.0e7 0 0

biocide treat ment from 137 h to 138 h

137 383 3.0e12 2.7 0 10.8
137+1.5 2.35
137+2 14.6

137+4 2.6

137+5 17.8 .35

137+10 18.2

137+11 .45

137+15 20.5 2.7

137+16.5 .55
137+20 20.2

137+21 .65
137+25 2.7

137+26 .55
137+30 18.5
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137+33 .75

137+35

137+40 17.6

137+43 1.05

137+51 . 1.05

137+54 2.7

137+55

137+59 1.15

138 16.7

143 71 3.0e9 8.8 4.0e5 0

160 49 2.9e10 6.8 1.8e6 0 .

193 97 5.7e11 3.7 7.4e6 0

218 209 3.5e12 2.2 2.0e7 0

231 221 6.0e12 2.4 3.6e7 0

(Table 18 contd.)
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Table 19: Jn situ biofilm treatment with 5.8 mg/I free chlorine

Time Biofilm
TOC

Biofilm 
viable cells

Effluent
TOC

Effluent 
viable cells

Total
CI2

Free CI2

(h+min) (mg/m2) (cfu/m2) (mg/ml) (cfu/ml) (mg/I) (mg/I)

0 0 0 0 0 0

biocide treat ment from 134 h to 135 h

134 1072 2.9e13 4.4 2.3e7 (0.2) 0 5.8
134+0.5 2.05
134+4 1.4
134+5 15.9

134+10 36.2 .05
134+13 .05
134+15 58.8

134+17 1.5
134+19 .15
134+23 .15
134+24 1.4

134+25 62.2

134+27 .15
134+35 47.2 .15
134+37

134+39 1.6
134+45 39.1

134+52 .15 .
134+58 1.9
134+59 .15
135 23.4

i
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biocide treat merit ended at 135 h

138 221 1.8e12 3.9e6 (0.5) 0 0

158 494 7.4e12 3.5e6 (0.6) 0 0

180 1117 2.3e13 1.48e7
(0.01)

0 0

(Table 19 contd.)
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Table 20: In situ biofilm treatment with 3.5 mg/I free chlorine

Time Biofilm
TOC

Biofilm 
viable cells

Effluent
TOC

Effluent 
viable cells

Total CI2 Free CI2

(h+min) (mg/m2) (cfu/m2) (mg/ml) (cfu/ml) (mg/I) (m g/I).

0 0 0

116 281 2.8e12 7.0e6

biocide treat ment from 144 h to 145 h

140 260 2.9e12 2.5 9.5e6 3.5

140+.17 .85

140+1.7 .5

140+2.8 .1

140+3.7 1.25

140+5 6.2 0

140+10 11.3 0

140+14.5

140+15 13.9 1.2

140+19.5 0

140+24.5 1.1 0

140+25 11.4

140+33 0

140+35 12.7

140+42.5 1.05 0

140+45 10.3

140+57 0

141 10.6

biocide treat ment ended at 141 h

144 31 1.4e11 3.5e6 0 0
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APPENDIX F

In situ Biofilm Treatment with Combined Chlorine



137

Table 21: .Treatment with combined chlorine

Time Biofilm
TOC

Biofilm viable 
cells

Effluent
TOC

Effluent 
comb. CI2

lnfl. comb. 
CI2

(min) (mg/m2) (cfu/m2) (mg/I) (mg/I) (mg/I)

0 0 0 0 0

biocide treat . ment from 167 h to 168 h

167 322 6.8(0.9)e12 3.9(0.3) 0 2.7

167+2 3.1 (0.1)

167+4.3 0.4

167+5 4.9(0.9)

167+8 0.6

167+10 6.6(0.1)

167+12.5

167+15 4.4(0.2) 0.83 2.4

167+20 7.9(0.1)

167+22.3 0.95

167+25 - 7.5(0.4)

167+28.5 1.0

167+30 8.1 (0.5) 2.1

167+35 10.8(0.4)

167+38 0.85

167+40 11.9(0.2)

167+45 12.3(0.2) 0.9

167+50 10.6(0.1) 0.8 1.6

167+55 11.4(0.3) 0.9

168 8.3(0.2)
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biocide treat merit ended at 168 h

168+10 220 7.1(0.6)e12

173.5 118 5.0(1.1)e12

211 266 1.2(0.1)613

(Table 21 contd.)
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APPENDIX G

Repeated In situ Biofilm Treatment with 5.8 mg/I Free Chlorine (22.1,3 and 5)



140

Table 22: Biofilm analysis

Biofilm TOC Biofilm viable cells Biofilm dry weight

(mg/m2) (cfu/m2) (mg/m2)

before treatment (1) 467 (28) 7.7(0.8)e12 1114

after treatment (1) 160 (8) 1.2(0.2)e11 559

before treatment (3) 324 (4) 5.2(0.6)e12 771

after treatment (3) 179 (8) 3.2(0.3)612 404

before treatment (5) 335 (10) 6.6(0.2)e12 899

after treatment (5) 234 (7) 
128 (6) 
166 (13)

2.2(0.8)612 287
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Table 23: Effluent analysis

Time

(min)

Effluent ( I)  TOC 

(mg/I)

Effluent (3) TOC 

(mg/I)

Effluent (5) TOC 

(mg/I)
O 4.8 (0.2) 2.9 (0.1) 3.2 (0.2)
2 7.2
4 9.4 (0.3) 7.7
5 11.4

6 10.4
10 15.9 10.5 9.9 (0.5)
15 17.0 11.2 11.8
20 21.6 15.8 15.0
25 23.3 13.1 13.9
30 17.5 13.4 (0.3)

35 18.2 (0.8) 10.2 17.1

40 14.2 (0.2) 14.1 14.6(0.3)
45 18.2 (0.4) 12.3 14.9
50 18.4 (0.4) 8.7 15.5
55 20.2 (0.6) 14.0 (0.2) 13.6
60 18.0 (0.2) 13.0 13.3(0.3)

Time
(min)

Free CI2 
(1) (mg/I)

Free CI2 
(3) (mg/I)

Free CI2 
(5) (mg/I)

Total CI2 
(1) (rng/l)

Total CI2 
(3) (mg/I)

Total CI2 
(5) (mg/I)

0 5.8 5.8 5.8 0 0 0
0.42 1.45 1.9

0.5 1.95

1.5 0.65 0.65 2.1

2.3 0.15

3.5 0.15 0.05

6.5 0.0

7 0.05
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8 1.6

9 1.7 1.6

13 1.6

18 0.05 0.0 1.7

22 0.05 0.0 1.4

25 1.6 1.5

27 0.05 0.0

32 0.05 1.8 1.45

34 0.10

37 0.08 0.05

38 0.10

42 1.9 1.5 1.4

43 0.13

44 0.10

47 0.13 0.05

53 0.15 0.10 1.9

54 1.45

58 0.15

(Table 23 contd.)




