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MICROBIAL FOULING AND ITS CONTROL;
A PHENOMENOLOGICAL APPROACH
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ABSTRACT

Biofouling is a major concern to the power industry because of its affect on plant performance and its
effect on useful lifetime of certain types of plant equipment {e.g., condensers, fan coolers). Biofouling
is controlled most often by application of chlorine, The determination of a chiorina application rate must
consider the concentration necessary for effective biofouling control while minimizing the chlorine con-
centration released to the receiving waters at the plant site.

The objectives of this paper are to stress the following concepts:

1. The critical role of cooling water organic carbon {OC} in microblal fouling and its infiu.
ence on control with oxidizing biocides.

2, Mass transfer and diffusion are generally the rate-limiting steps in the chiorine-biofiim
reactor,

3, An instrument is hecessary to assess effective chlorine dosage for control of fouling

biofilms while minimizing chlorine discharge to the environment,
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INTRODUCTION

Biofouling refers to the undesirable accumulation of a biotic depositon a surface. The deposit may contain
micro- and macroorganisms. This proposal will focus on microbial fouling biofilms which consist of an
organic film composed of microorganisms embedded in a polymer matrix of their own making. The extra
cellular polymer substances {EPS} are presumed to be largely composed of polysaccharides along with
glycoproteins and, sometimes, nucleic acids. The composite of microbial cells and EPS will be termed a
biofilm, Complex fouling deposits, like those found in operating heat exchangers, often consist of biofilms
in intimate association with inorganic particles (1), crystalline precipitates or scale {2), or corrosion prod-
ucts (3). These compiex deposits often form more rapidly and are more tightly hound than biofilms alone,

Fouling biofilms impair the performance of process equipment. They can form in any fluid flow conduit
and increase fluid frictional resistance {4). In addition, biofilms in heat exchangers can increase heat trans-
fer resistance (1, B, 6). Biofouling may also accelerate corrosion of the surface beneath the biofilm {7, 3).

Fouling in heat exchangers may cost the United States billions of dollars annually {8). Zelver et al. (1) have
documented a case of biofouling at a nuclear power plant in which heat transfer rate in a fan cooler de-
creased by 30% due to biofouling in a 30 day period. Subsequent tests indicated continued increase in foul-
ing over a 6 month period. The testing at this plant was partially prompted by microbially-mediated cor-
rosion problems accompanying the biofouting so two atloys {80-10 Cu-Ni and AL-6X stainless steel) were
tested in parallel. Rate and extent of fouling on AL-6X was greater than on the Cu-Ni under the test condi-
tions. In another stucdy at a Canadian power plant site, biofouling decreased heat transfer rate in a conden-
ser by 30% over a two month period (g). The plant design had allowed for a 15% decrease due to fouling.
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FOULING BIOFILMS

Rate and extent of fouling biofilm accumulation is the net result of four fundamental processes {10} fre-
quently oceurring simultaneously:

1. Transport of organics and cells to the wetted surface

2. Adsorption and firm adhesion of the cells to the wetted surface

3. Microbial cell growth and EPS formation at the wetted surface and within the biofilm
4, Partial detachment of biofilm material primarily due to fluid shear forces

The rate and extent of fouling biofilm development has been the subject of numerous laboratory and field
investigations, The variables influencing fouling biofilm formation which have been studied the most

include:
1. Initial surface conditions {11, 12, 13)
2. Selected water quality parameters including organic carbon gconcentration (1_4}-, 1§, l@,

17}
3. Fiuid velocity (14, 18, 19, 20, 1, 21)
4, Water temperature (14, 20, 18, 21)
5. Tube alfoy (3, 2_2}

6. Tube wall temperature {14)

fRANSPORT AND ADSORPTION

Microbial cells enter a condenser tube with the cooling water. The cells are transported from the water to
the tube wall by a variety of mechanisms (1_0) whereupon a small number of them adsorb, The adsorbed
cells become firmly attached with time, generally through the mediation of EPS.

[n_the absence of microbial growth, numerous investigators {23, 24, 25) have observed that a saturation
condition results inwhich cel!ls are distributed rather sparsely over the substratum, Mathematical modelling
of the biofouling process {Bakke and Yeh, unpublished results) demonstrates the relatively small accumu-
lation which occurs due to adsorption in the absence of growth, i.e., substrate concentration almost zero
... 0.2 mg I"! (Figure 1). The surface density of adsorbed celis may be a function of fluid velacity or shear
" stress at the substratum (Table 1), In a fiowing system, the saturation coverage of the substratum is quite
tow {< 5% of the surface area), Consequently, no significant biofilm is likely to accumulate if recruitment
of microorganisms from the cooling water is the only mechanism.
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Figure 1. The infiuence of inlet OC concentration {g m™ ) on fouling biofilm progression.

TABLE 1

SATURATION COVERAGE OF A SUBSTRATUM 8Y MICROORGANISMS
AS A FUNCTION OF FLOW REGIME
{A pseudomonad was used by each investigator.}

Substratum Flow Regim: Saturation Coverage Reference
polystyrene quiescent 40 23
glass laminar , 15 ‘ 24
glass turbulent 0.1 . , 25

How, then, do fouling biofiims accumulate to the extent that they influence heat transfer in a condenser
tube? Biofilms accumulate as a result of growth and other metabolic processes.

METABOLIC ACTIVITY WITHIN THE 8IOFILM

Fouling biofilms accumulate to a troublesome extent &s a result of metabolic activities including cellular
reproduction and product formation {e.g., EPS formation} within the biofilm. Therefore, the adsorbed
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celis reproduce and produce EPS some ol which remains in the biofilm while the remainder detaches. The
driving Torce for the microbial metabolic processes is chemical or radiant energy. In condenser tubes, only
chemical energy is available and is most often in the form of organic compounds from which the micro-
organisms {heterotrophs) obtain both energy and carbon,

Organic Carbon (OC} as the Energy Source

OC drives virtually all microbial processes in a condenser tube. Organic carbon {OC} is present in all cooling
waters and is frequently classified as total organic carbon (TOC) which equals the sum of soluble organic
carbon {SOC) plus particulate organic carbon (POC). Seawater off the coast of Hawaii contains on the
order of 1 mg TOC I"!. Total organic carbon in cooling water from an industrial, “zero discharge”’, recircu-
lating cooling tower system has been measured at approximately 500 mg I} (gﬁ). Untreated municipal
sewage contains on the order of 200 mg TOC I,

But OC concentration, although the critical factor in batch microbial growth, is not as important as OC
loading rate to the biofilm surface when the concern is condenser fouling. Leading rate is defined as fol-
lows:

. : volumetric flow rate X inlet OC concentration F Csi
ioading rate = ‘ = m
wetted surface area A

or, multiplying and dividing by volume, V

0 s (2)
loading rate =
’ AV
where F = volumetric flow rate {L® t™*)
V = tube volume (L*}
A = tube surface area (L.?)
C,; = inlet organic carbon concentration (M L™)
D = F/V =dilution rate {t')
D! = residence time {t)

The influence of OC loading rate on biofilm accumulation has bean calculated from a mathematical mode!
based on laboratory experiments and is indicated in Figure 2. The OC concentration is 20 mg {~!. Higher
dilution rates mean higher OC loading rates to the biofilm and result in increased biofilm accumulation.

In a condenser tube, growth of microorganisms in the liquid phase is essentially zero for at least two
reasons:

1, Inlet OC concentration, C_,, is generally low

si’

2. Liquid residence time in the condenser tube, D™*, is only a few seconds
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Figure 2. The influence of dilution rate (h™') on fouling biofitm progression. Note the logarithmic scale of
the ordinate, '

Biofilm growth at the expense of the OC, however, can be quite extensive, A comparison of a batch growth
system {e.g., a test tube) versus a continuous flow condenser tube is provided in Figure 3. The biomass
produced In the test tube is essentially negligible comparad to that produced in the condenser tube biofilm.
Of course, all the biofilm produced does not accumuiate in the condenser tube. A significant fraction
detaches and exits the condenser. The detached biomass is primarily responsible for the biorass found dis-

persed in the water phase.

The effect of varying inlet OC concentrations has been modelled (Figure 1), At high OC (> 20 mg 4,
oxygen may become limiting and portions of the biofiirn may be anaerobic.

The organic compounds also represent a significant portion of the chiorine demand in a cooling water {see

betow), Thus, an increase OC content in cooling water not only contributes to increased biofouling but
also reduces the effectiveness of a given chlorine concentration in controlling biofouling,
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Figure 3. A comparison belween dispersed biomass production in a test tube {a closed, batch system)
and biofilm production in a condenser tube (an open, continuous flow system} over a 24 h period.

Correlation of OC with B'iofouling

There are some limited data which suggest that biolouling correlates with TOC in the cooling water,
Battaglia et al, (gz} measured TOC concentrations at several power plants and related them qualitatively
to the biofouling problem experienced at the site, No significant quantitative conclusions resuited because
of other confounding factors. As suggested above, OC loading rate may be more indicative of microbial

fouling potential than concentration. Therefore, it may be necessary to include flow rate {i.e,, fluid velo-
city} in the calculation,

However, fluid velacity also influences detachment {15) which reduces the net biofilm accumulation {Fi-
gure 4). Characklis {14) has demonstrated the combined influence of OC and fluid velocity on rate of foul-
ing biofilm developmentin a taboratory system {Figure 5}, Equation 2 indicates the dependence of loading
rate on surface area to volume ratio in the condenser. Therefore, there may be a strong interactive influ-
ence on fouling biofitm development between OC concentration, fluid velocity, and available surface area,

The quality of the OC will also influence biofouling and cause scatter in any attempted correlation, For
example, the rate and extent of OC biodegradability will influence biofouling. Glucose will be consumed
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Figure 4. The influence of fluid velocity on biofilm detachment rate. Data were obtained from a r_oztating
annular reactor {15) in which the fluid velocities correspond to shear stress in the ranges 2-3Nm™2, The
fitted line corresponds to the dependence of shear stress on velocity (« w178y,
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Figure 5. The.influence of inlet OC concentration and fluid velocity on rate of biofouling in a laboratory
system (0.5 in D tube) (14},
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much more rapidly than cetlulose {polymerized glucose} at the same OC concentration. Particulate organic
carbon {POC) will generally be degraded slower than the soluble 6rganic carbon (SOC). An assay similar to
the Biochemical Oxygen demand (BOD) test may be necessary to more accurately assess the influence of
OC quality on biofouling. Another complicating process, adsorption of colloidal organic particles, can con-
tribute to the accumulation of the fouling deposit even though it is not a direct result of metabolic activity
in the biofilm,

Suspended solids concentration provides another confounding factor influencing the rate and axtent of
biofouling. Battaglia et al. {27} indicate that high suspended solids content frequentiy accompanies low
biofouling rates even in the presence of significant OC. Suspended solids apparently scour the tube surfaces
inhihiting biofilm accumulation.

Biofouling is generaily more of a problem in summer months when temperatures are higher, High tempera-
tures generally increases the rate of a biological processes. However, two other factors may be indire_ctly
causing the observed increase in biofouling during summer, Dilution rate (i.e., fluid velocity} in the con.
denser frequently is increased to provide a higher cooling capacity in the summer months, But higher dilu-
tion rates increases OC loading rate and increases detachment rate. Which process controls? In addition,
higher rates of primary productivity can oceur in natural waters which increases the OC concentration (and
OC loading rate) in the condenser,

In summary, the simple correlation of biofouling with organic carbon concentration in the cooling water is
fraught with difficulties, However, OC is a good indicator of the potential for biofouling and is a most crit-
ical factor in any model seeking to predict biofouling.

DETACHMENT

Fluid velocity {shear stress) strongly influences detachment of biofilm {Figure 4). As the biofilm accumu-
lates, the fluid forces shear off more cells until biofilm production equals biofiim detachment and a
pseudo-steady state is established. The biolilm accumulation at steady state is dependent on both OC load-
ing rate and fiuid velocity (Figure 6}. The same two variables significantly influence the rate of biofouling
" aswell {Figure 5). ‘ o

Fluid velocity can also influence mass transfer rate from the liquid to the biofilm. At lower velocities mass
transfer may be rate limiting for biofilm accumulation, Therefore, increasing velocity increases OC flux to
“the biofilm and increases biofouling. At high velocities, detachment cantrols biofilm accumulation so that
increasing velocity will decrease biofouling. As a result, there may be an optimum velocity for biofou]ing
ina given condenser tube (Figure 7). Mass transfer may be the rate-limiting step in the chiorination process
for fouling biofilm control because the reaction between the chlorine and biofilm is so rapid (see below).
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CONTROL OF FOULING BIOFILMS BY CHLORINATION

Biofouling is controlled by a wide variety ol physical and chemical means {28, 27, 28). However, the most
effective and most commonty used method for controlling and/or preventing biofouling is chiorination.
Recently, concern over the toxicity ol chtorine (30} and some of its reaction products (;ﬂ) has stimulated
a search for alternatives (_2_7_, 32, 31, 33}. Nevertheless, chlorination is still widely practiced in power plants

and in process plants for minimizing the negative effects of biofouling {27).

Chlorine itself is used in a variety of ways to control biofouling. |t is applied as chlorine gas, hypochlorite
ion, chiorine dioxide, and is electrochemically generated in sea water. Chiorine is used in once-through
systems or in recirculating cooling towers; applied continuously or in shock dosages, It is used in fresh
water systems and sea water; in clean water and in contaminated water containing high levels of oxidizable

materials,

Although biofouling is most often controlled by addition of chlorine, its use has disadvantages as well as
advantages. Constraints placed on the use of chlorine have often limited its success in biofouling control.
These constraints include:

1. Cost Effectiveness. This may be a factor in once-through or recirculating cooling sys-
tems where extremely high chlorine demand exists. '

2. Corrosion. Some condenser materials are vulnerable to corrosion induced by high chio-
rine concentrations. In recirculating cooling tower systems which operate at high cycles
of concentration, organic compounds concentrate to high levels and microbial cells
accumulate leading to severe biofouling problems. Addition of chlorine in large quanti-
ties leads to corrosive levels of chloride as a result of chlorine reduction {26}.

3. Environmental Regulations. Environmental concerns limit the concentration of chlo-
rine that can be released to receiving waters, ‘

Chlorine and other strong oxidizers {chlorine dioxide, ozone, bromine compounds) are superior microbial
fouling control agents because they effectively disrupt and loosen fouling deposits. Chiorine, in the water
phase, can also inactivate microbial cells {disinfect} and oxidize microbial nutrients rendering them rela-
tively usetess for support of microbial growth. When chlorine contacts biofiim, the following processes are

- ohserved to occur:

1. detachment of hiofilm
2. dissolution of biofitm components

3. disinfection
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Chlorine is consumed in all of these reactions. Limited ohservations suggest that the following factors influ-
ence the rate and extent of the chlorine-biofilm reaction:

1. ' Turbulent Intensity. Transport of chiorine from the bulk water phase to the water-
biofilm interface is the first step in the chlorine-biofilm interaction, Transport rate
increases with increasing chlorine concentration and turbulence. Practically, turbulent
Intensity may be increased by an increased flow rate as proposed in some targeted
chiorination systems. ‘

2. Chlorine Concentration at the Water-Biofilm Interface. Transport of chioriné within

the biofitm or depositis a direct function of the chlorine concentration at the interface.

Transport rate {or diffusion} in the biofim can be increased by increasing the chlorine

: concentration at the water-biofilm interface. Environmental regulations place a fimit

i on effluent chlorine concentration. However, previous measurements in our laboratory

suggest that periodic dosing of high chlorine concentrations will be more effective than

low concentration continuous dosing assuming the same long-term chlorine application

rate for both cases. Proposed targeted chlorination systems, if superimposed on such a

short duration-high concentration treatment, may minimize the chiorine concentration

reaching the receiving waters while maximizing chlorine concentrations at the water-
‘biofilm interface.

i 3. Composition of the Fouling Biofilm. Reaction of chiorine within the biofilm is depen-

; dent on the organic and inorganic composition of the biofilm as well as its thickness or

 mass. Very little published information is available regarding the chlorine demand of
biofilms other than that reported by our laboratory. This is surprising since the main
objective of biofouling control is to react the chlorine with the biofilm. Disinfection
{i.e., killing of microbial cslls) in potable water systems is effective at iow chlorine
concentrations, However, in well-developed biofilms much of the material is EPS which
competes effectively for available chlorine within the biofilm thereby reducing the
amount available for killing cells.

4, Fluid Shear Stress at the Water-Biofilm Interface, Detachment and reentrainment of
biofilm, primarily due to fluid shear stress, aceompanies the reaction of biofilm with
chlorine. Detachment of biofilm due to chlorine treatmant has been observed but the
rate and extent of removal as a function of chlorine application and fluid shear stress in
the tube has not been determined. Fluid shear stress in the tube could conceivably be
increased using the targeted chlorination concepts currently being investigated,

{621

plt. The hypochlorous acidhypocldorite ion squilibriven may be eritical 1o perlor-
mance effectiveness, HOCI apparently favors disinlection while OCI™ apparently favors
detachment. The equilibrivim can be manipulated in recirculating cooling systems
where pH is controlled. '

Summarizing the above statements, a chlorination treatment program at a power plant may be improved
by the following measures;

1. increase Chilorine Concentration at the Water-Biofilm Interface. Most practically, this
| . is accomplished by increasing chlorine concentration in the water phase. However,
another possibility is to "target’ chlorination at the water-biofilm interface, For
example, reduction of the bulk water chlorine demand is generally a difficult, costly
task, But if chlorine can be injected in the viscous subfayer region, the chlorine demand
of the water will have significantly less effect on the process. This procedure may be
possible with special nozzles in a targeted chlorination scheme.

2. Increase Fluid Shear Stress at the Water-Biofilm Interface. This requires increasing
fluid flow rate, especially during chlorination periods, which may be convenient with a
targeted chlorination system.

2-13




3. Use pH control to favor hypochlorite jon-promoted detachment with well.developed
biofilms and hypochlorous acid disinfection with thin films. An interesting alternati_ve
would be to alternate between continuous chiorination at pH 6.5 and "'shock’ chlorin-

ation at pH 8.

These recommendations are based on observations from the literature and may lead to more effective use
of chlorine for biofouling control. However, these recommendations are, for the most part, speculation
since they are based on incomplete or fragmented experimental results, In fact, the processes contributing
to the short- and long-lived effectiveness of a chiorination program for biefouling control are not well
understood,

The work that has appeared In the literature on predieting the fate of chlorine in cooling water is primarily
based on chemical studies and equitibrium or kinetic models (34, 35, 36, 37). These studies have concen-
trated on equilibrium or kinetic measurements of chlorine demand of the cooling water and have ignored
the reaction of c¢hlorine with the fouling biofilm at the heat exchanger surfaces. These studies have also
ignored the influence of potential mass transfer limitations in a condenser tube, Consequently, the results
have not always been successful (3_?) and chlorine minimization programs are still relied on in most cases
{38) for determining chlorination application rates. However, chiorine minimization studies are costly and
cannot account for seasonal changes in water quality and variations in power demand which influence the

effectiveness of chlorine for biofouling control.

" Despite the importance of biofouling control to power plant operation and maintenance, as well as the

apparent effectiveness of chlorine, the stoichifometry and kinetics of biofouling control with chlorine {and
other oxidants) have never been addressed. In fact, a targeted chiorination project has been stymied by
lack of dependable rate and stoichiometric information on the ch!orine—bioféhﬁ reaction. If the nature of
the stoichiometry and kinetics of the chiorine-biofilm process were known, procedures for establishinga
continuing, effiéient, cost effective, environmentally compatible chlorination program could be developed.
This same data would be invaluable in testing programs such as the targeted chlorination studies and others
planned in the future. Such information would also be useiul in comparing novel physical, chemical, and

even bioiogical methads for bicfouling control.

A PROCESS ANALYSIS

Chlorine has been widely used as a disinfectant to kill microorganisms in water treatment. Originally, chlo.
rine was thought to control biofouling by “killing” microbial cells {i.e., disinfecting). Recently, however,
experimental resuits have indicated that chlorine also oxidizes and depolymerizes the EPS in the biofilm
causing destruction of the biofilm matrix and its detachment from the surface {39). There is still some con-
troversy over which mechanism is responsible for chlorine’s superior effectiveness in fouling control (iQ)‘

Transport and reaction of chlorine in a tube with turbulent flow is perceived to occur as a result of the
following processes {(Figure 8): '

1. Chiorine species entering the tube react with chlorine-demanding components {viable
cells and chemical compounds) in the bulk water,
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Figure 8. Processes occurring during biofouling control with chlorine or other strong oxidizer,

2. Chlorine species are transported through the bulk fluid to the water-biofilm interface.

3. Chlorine species diffuse and react within the biofilm,

Since both “solid” {i.e., the biofilm and the metal substratum) and liquid phases are present, the chlorine-
biofilm reaction can be termed a heterogeneous process. In heterogeneous systems such as this, there is a
high probability that transport rates will limil the overall rate of reaction. This includes transport of reag-
tants and products within each phase and across phuse boundaries,

Transport of Chlorine in the Water Phase

The rate at which chlorine is transported to the biofilm depends on the concentration of chiorine in the

. bulk water and the intensity of turbulence.

The concentration of chlorine in the bulk water is related to its application rate minus the chiorine demand
rate of the water. If the chlorine concentration at the biofilm interface is the same as its concentration in
the bulk water, then the concentration in the water drives the reactions of chlorine within the blofilm. If
chlorine reacts with the biofilm relatively rapidly, the concentration at the interface will be low and
physical transport of chlorine to the interface may limit the rate of the overall process within the biofilm.




By increasing the intensity of turbulence through increased flow rate, both the transport rates in the bulk
water and the concentration at the interface will increase. In the bulk water, chlorine is transported in the
radial direction in the tube primarily by eddy diffusion {i.e., convective mechanism). Several investigators
have observed that increasing turbulence results in increased chlorine reaction rates {41, 20, 42). Novak
{20} observed a first order rate with respect to chlorine concentration which indicates either a first order
n—a;:tion or a mass transfer limitation {Figure 9}, Under what circumstances is chlorine delivery to the site
of biofouling controf rate-limited by mass transfer in the water, diffusion in the biofilm, or reaction in the
biofilm? The answer to this question impacts significantly the choice of chlorine application mode (e.g.,
continuous application vs. shock or periodic application).
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Figure 8. The influence of fluid vetocity on biofilm removal with chlorine (42).

Transport of Chlorine in the Biofilm

The transport of chlorine within biofilms occurs primarily by molecular diffusion. Since the composition
of biofilms is from 96% to 99% water, the diffusivity of chlorine in biofilm is some fraction of its diffusiv-
ity in water, In biofilms of higher donsily, or in those containing microbial matter associated with inorganic
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scales, tubercules, or sediment deposits, diffusion of chlorine may be relatively slow, Obviously, diffusion
of chiorine through a deposit determines its ‘‘penetration’” and, hence, its overatl effectiveness.

Reaction of Chlorine in the Water Phase

The reaction of chiorine in the water phase is generally referred to as the “chlorine demand’ of the wafer.
The chlorine demand is due to soluble oxidizable inorganic compounds, soluble organic compounds, micro-
bial cells, and other particulates in the water. These oxidizable species compete with the biofiim for availa-
ble chlorine and often reduce the effectiveness of biofouling control. Both the extent and rate of chlorine
demand determine the amount of chlorine available for biofouling control, Present methods for measuring
chlorine demand measure only how much chlorine is consumed, i.e., a stoichiometric quantity, The rata of
chlorine demand (i.e., how fast chlorine is consumed) would be a more useful quantity in assessing its
effect on biofouling control.

Bongers (92) measured the rate of decay of chlorine in estuarine waters and found it to occur in three
phases. He found that during phase one, free chlorine decreased to about half of its original.concentration

" in 30 seconds. Two successive but distinct phases had rates of decay which were significantly slower.

These data imply that reactions in the water phase cannot necessarily be modeled by a single simple first
order rate expression, On the other hand, if total residence time in the tube is less than 30 seconds, only
the first phase chlorine demand is relevant. '

Temperature has been shown to significantly affect both the rate and extent of chlorine consumption in
sea water (@). Consequently, bulk water temperature may affect fouling control where there is significant
chiorine demand. To what extent does temperature or a temperature gradient affect biefouling control
with chlorine? Does temperature, which varies significantly in heat exchanger tubes (radialty and axially),
significantly influence the rate of chlorine demand.

Reaction of Chlorine with the Biofilm

Chlorine rracts with various organic and reduced inorganic components within the biofilm. It can disrupt
cellular material and inactivate cells {disinfect). In well developed biofilms, its greatest apparent effect is
reaction with EPS {primarily polysaccharides} which are responsible for the physical integrity of the bio-
film ((E). A series of studies {44, 39, 14) have estimated the process rate and process stoichiometry of the
reaction of chiorine with immobilized biofilm. However, these data include variations resulting from poorly
defined chlorine demand in the bulk water and microbial populations in the biofilm.

Gacterial flocs and biofilms that are rich in EPS exhibit a more rapid, ultimately greater, chlorine demand
than cells with little associated EPS (g&_)_). One possible explanation is derived from the observation that
hypochlorite ion attacks glucose polysaccharides with exiensive oxidation at the C, and G, positions of
D-glucose units, which resuits in cleavage of the C,-C; bond {45, 468}, Depolymerization can resuit from
the inductive effects of this oxidation, from direct oxidative cleavage of the glucosidic bond, or from
degradation of the intermediate carbonyl compound.




L

Most of what is known about chlorine disinfection is derived from water treatment studies. It is generally
agreed that chlorine disinfects by inhibiting enzymatic processes within the bacterial cell {47). Chlorine
has been found to be more effective as a disinfectant at pH 6.0 to pH 6.5. Hypochlorous acid predominates
at these pH valuss, It is postulated that the hypochloroué acid molecule, which is electrically neutral and
has a smaller solvation shell than the hypochlorite ion, can readily pass through ceflular membranes while
the hypochlorite fon cannot. Characklis et al. {48} found that high pH improved biofilm destruction by
chlorine suggesting that hypochlorite ion is more effective at depolymerizing the biofilm,

Reaction of Chlorine with the Condenser Tube

The condenser surface may also exert a chiorine demand, Characklis and Zelver '(3) have documented the
chlorine demand of a copper-nickel alloy as contrasted with titanium which e;erted no such demand.
Lewis (49) also found that Cu-Ni reacts with chlorine. The chlorine demand may be directly related to the
significant corrosion observed in seawater studies when copper-nickel alloys are chlorinated regularly
{Fischer, personal communication). This may be due to stoichiometric reaction of the tube alloy with
chlorine, or removal of a protective oxide coating from the alloy, rendering the underlying metal vulnerable
to other corrosion reactions. However, the chlorine demand may not be related directly to corrosion since
metal ions such as Cu(ll} have been shown to catalyze chlorine decomposition {50} to chloride. How
much does metallurgy affect chlorine demand and chlorine’s effectiveness in destroying blofitm? How do
chlorination and blofouling affect corrosion rates in heat exchangers?

BIOFILM REMOVAL AND/OR DESTRUCTION

The reaction of chlorine with biofilm produces an immediate response in the bulk water by increasing tur-
bidity and the soluble organic constituents (39). A significant remova! of biofilm is evidenced by a decrease
in biofilm thickness {48, 42) and a decrease in fluid frictional resistance {14, 39, 41). fnactivation of the
biofilm with a nonoxidizing poisen does not result in any biofilm removal (38). The results suggest that
hypoch[orste oxidizes EPS within the biofilm resulting in EPS depolymerization, dissolution, and detach-
ment. Characklis et al. {ﬂg) reported that biofilm detachment resulting from chlorination is much higher
between pH 7.5 and:8.5 than between pH 6 and 7 where disinfection is optimum. These data are consistent
with data for chlorination of polysaccharides such as starch, which is optimum at pH > 7 {61). Similar
data are not available for monochloramine, dichloramine, or other N-chloro compounds,

Chlorine “enhancers’’ are sometimes added to improve chlorination performance. Supposedly, these com-
pounds increase penetrateon of chlorine into the biofilm, If this is true the removal of biofilm from the
surface should be enhanced. Are chiorine “enhancers” effective? Under what circurnstances are they

effective?

Chloring concentrations as high as 20 my/l applied several times a day may be needed to effectively control
biofouling at a power plant (27). The criterion for dosage is frequently the residual concentration in the
outlet water. By maintaining a residual at the outlet, chlorine demand in the water is presumably over-
whelmed. Typical chlorine residuals in the outlet range from 0.1 to 0.5 mg/l for effective performance.
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However, the mass transfer limitations described earlier suggest that, despite a chiorine residual in the out-
‘let, the region of the pipe near the bulk water-biofilm interface may be devoid of chlorine, If so, biofoul-
ing control effectiveness may be poor even when a measurable chiorine residual is measured in the outlet,
Under what conditions is maintenance of a chlorine residual in the outiet sufficient to eliminate the effect
of chlorine demand in the condenser? Is the chlorine residual in the outlet sufficient as a criterion for bio-
fouling control effectiveness?

Fluid shear forces may play a major role in the removal of biofilm., Several investigators {41, 42, 20, 14)
measured a higher rate of chlorine uptake by biofilms and a greater amount of biofilm removed when the
fluid shear stress was increased. The authors suygest that greater shear force may have the following effect:

1. Increased mass transfer of chlorine from the water to the biofilm

2. Disrupts the biofilm during chlorination, reentraining reaction products in the water
phase and exposing new biofilm surfaces for chlorine attack :

3. increasing shear force (fluid velocity) also reflects a thinner viscous sublayer in the
tube. The viscous sublayer is a region of low shear force and biofilm within the viscous
sublayer will not be disrupted to a great extent unless the shear force is increased,
Timperley {52} has commented on this effect of mean flow velocity an the cleaning of
blofouled tubes, '

Observations indicate that a residual biofouling deposit remains even after repeated chlorine treatment,
This has important consequences for subsequent regrowth of the biofouling deposit.

BIOFOULING CONTROL THROUGH DISINFECTION

Low level chiorination can significantly reduce viable microbial cells in water and destroy some of the
nutrients necessary for cell growth. It is effectively used 1o maintain drinking water quality at residual
concentrations as low as 0.03 mg/! {63). It is also effective in controlling attachment and growth of
microorganisms in heat exchanger systems {40). Low level chlorination, however, is not sufficient to
prevent attachiment of surviving viable celis to heat exchanger walls, Low level, continuous chlorination
can be used to slow down microbial fouling but rarely eliminates it. Concentrations of chiorine high
enough to make these systems aseptic would be prohibitively expensive and create unacceptable environ-
mental damage.

BIOFILM “"REGROWTH"

fouling immediately following chlorine treatment and have termed this phenomenon ““regrowth,” Figure
10 {49) illustrates this phenomenon. Regrowth may be due to one or ail of the following reasons;

1. The remaining biofilm contains enough viable organisms to preclude any lag phase,
observed on clean tubes, in resumed fouling biofilm formation after shock chiorination.

2, The remaining biofilm imparts an increased relative roughness to the tube surface and,
thus, enhances transport and adhesion of microbial cells and other compounds to the
surface, The roughness of the deposit also provides a “stickier’’ surface.
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Figure 10. Fouling resistance on Alclarol 3003 aluminum tubes treated as shown when heat transfer resis-
tance reached the maximum desired ievel (0.4-0.9} {49).

3. The chlorine preferentially removes EPS and not biofilm cetis, thus teaving biofikm cells
more exposed to the nutrients.

4, EPS is rapidly created by surviving organisms as a protective response 1o irritation by
chlorine.

5. There is selection for a chiorine resistant organism (e.g., one which normally produces

excessive amounts of EPS) which proliferates on successive chlorinations.

Jlapid regrowth has also been observed on walls of water distribution systems {64, §§). These authors
demonstrated that bacteria previously exposed to chlorine were more resistant to chlorine than those never

exposed. This is consistent with the latter two hypotheses,

After extended periqu of repeated chlorination, a refractory material has been noted in several Investiga-

tions (14, 66). The deposit increases in ash content with repeated chlorination and, in several cases, an

inordinately high content of manganese ias been observed.

The refractory deposit has an apparent inhibitory effect on macrobial fouiing (@). However, this refrac-
tory material may accumulate to such an extent that it impedes heat transfer and is not affected by chlo-
rine, What is the rate and extent of accumulation of refractory material and how is it influenced by tube
alloy and water quality? How does the refractory material affect subsequent biofilm development? What is
the most effective way to inhibit or remove the refractory material? Hf the refractory material inhibits
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further biofouling,

how can a thin film be maintained which does not significantly influence heat transfer
as.fluid frictional resistance?




USE OF FOULING MONITORS

Let's assume you are asked to control pH in a recirculating cooling tower system in which the pH of the
process water varies considerably with the seasons and even with climatic conditions, You are given a stor-
age tank of acid and a storage tank of base with the ancillary pumps, flow meters, valves, etc. Before any
effective pH control is possible, however, you will need a pH alectrode. The electrode reading will provide
feedback (manual or automatic} so that you can assess the necessary flow rate or amount of acid or base
addition. In s similar manner, a fouling monitor is needed to determine the necessary amount of chlorine
needed to contro! biofouling and still operate within the environmental regulations. In other parts of this
paper, | have indicated the numerous factors which influence (1) the rate and extent of biofouling and
{2} the chlorine demand of the cooling water and fouling biofilm. Both variables significantly affect the
efficlent operation of power plant condensers. Therefore, determining an effective chlorine dosage {chio-
rine minimization) can be a hassle. The problem is complicated further by the fact that the effective chio-
rine dosage changes with season and other uncontrollable factors,

A fouling monitor, combined with a device for measuring rate of chilorine lor other oxidant} demand, will
permit the frequent evaluation of a dosing frequency, duration, and concentration. The costs for fouling
monitors vary considerably depending on their level of sophistication and the accessories provided, How-
ever, the cost of the most expensive fouling monitor pales in relation to energy losses, downtime, and even
chemical costs related to fouling processes, Other papers in this symposium will deal with fouling monitors
and their usefulness in more detail.
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CONCLUSIONS

Organic carbon {(OC) in the cooling water is a pivotal variable when considering biofouling in a power ptant

condenser:
1. OC provides the energy or driving force for biofilm accumulation in the condenser.
2. OC provides a significant fraction of the chlorine (oxidant) demand in the cooling
water which can limit the effectiveness of a given chiorine dosage.
" 3. A fouling monitor is useful and necessary for regular evaluation of a chlorination

{biofouling control) program.

A pracess engineering approach, including the contfibution from aquatic chemistry and microbiology, pro-
vides a relatively simple, flexible and effective program for controlling biofouling in power plant conden-
sers. Further investment in research and testing will improve these methods with extremely rapid returns,
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