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SUMMARY

Sasol plants gasify more than 30 million tons per annum of coal via the Fischer-
Tropsch process resulting in the production of synthesis gas and a condensate
stream. After gravimetric separation of the tar products, the solvent extraction of
phenolics and the steam stripping of ammonia from the condensate stream, a
complex effluent referred to as stripped gas liquor (SGL) is generated. SGL has the
potential to be used as process cooling water. Microorganisms, scale deposit and
corrosion are three major problems associated with the operation of cooling water
systems. Parameters that have an influence on the fouling, scaling and corrosion of
industrial cooling towers include cycles of concentration (COC), flow velocity (FV)
and pH. The aim of this study was to evaluate the effects of COC, pH and FV on the
rates of fouling, scaling and corrosion as well as on the microbial community
dynamics in cooling towers using SGL as process cooling water.

Stripped gas liquor contains hydrocarbons which can interfere with PLFA analysis.
There was, therefore, a need to optimise the selective extraction of hydrocarbons so
as to eliminate their interference with PLFA analysis. The method used for the
extraction of hydrocarbons before silicic acid fractionation succeeded in removing the
hydrocarbons and their interference and was, therefore, determined to be appropriate
method to use in subsequent analyses.

Even though the two lab-scale cooling towers were of identical design their similarity
or dissimilarity needed investigation. Physico-chemical analysis results confirmed
that the two cooling towers were operated under identical operational conditions.
The two cooling towers were found to be similar in terms of the fouling, scaling and
corrosion rates as well as microbial community structure. The two cooling towers
could be operated in parallel using different operational conditions with any
differences in results being a reflection of the effects of operational conditions.

The effects of pH, FV and COC on the rates of fouling, scaling and corrosion as well
as microbial community dynamics were evaluated with the aid of a 2° multi-factorial
experimental design. Cycles of concentration was found to have the most profound
effect on the fouling, scaling and corrosion rates followed by pH. Cycles of
concentration and pH were found to have the most profound effect on microbial
community dynamics. The use of the 2% mutti-factorial experimental design also
allowed the determination of optimal conditions for the operation of the cooling




towers using SGL as feed water. These conditions were found to be 5 COC, a pH of
7.5 and a FV of 0.6 m/s. In conclusion, the use of a 2° factorial experimental design,
physico-chemical, PLFA and DGGE analyses were instrumental in the successful
determination of the effects of COC, pH and FV on the rates of fouling, scaling and
corrosion as well as on the microbial community dynamics in the cooling towers using
SGL as process cooling water.




OPSOMMING

Sasol aanlegte vergas meer as 30 miljoen ton steenkool jaarliks via die Fischer-
Tropsch proses wat lei tot die produksie van sintese gas en 'n kondensaat stroom.
Na gravimetriese skeiding van die teerprodukte, ekstraksie van die fenoliese
produkte en stoomstroping van ammoniak vanuit die kondensaat stroom, bly ‘n
komplekse afvalstroom oor wat bekend staan as “Stripped gas liquor” of SGL. Die
SGL het die potensiaal om as proses verkoelingswater aangewend te word. Mikro-
organismes, skaalvorming en korrosie is die drie hoofprobleme wat geassosieer word
met die bedryf van verkoelingswaterstelsels. Faktore wat die bevuiling, skaalvorming
en korrosie van industriéle koeltorings beinvioed sluit die volgende in:
konsentrasiesiklusse (COC), vloeisnelheid (FV) en die pH. Die doel van hierdie
studie was om die effekte van konsentrasiesiklusse, vloeisnelheid en pH op die
tempo van bevuiling, skaalvorming en korrosie asook die mikrobiese
bevolkingsdinamika te bestudeer in koeltorings wat SGL as verkoelingswater gebruik.

SGL bevat koolwaterstowwe wat kan inmeng met PLFA analises. Gevolglik is dit
nodig om ‘n metode vir selektiewe ekstraksie van die koolwaterstowwe te
optimaliseer om die inmenging hiervan op PLFA analises te oorbrug. Die metode
wat gebruik is vir die koolwaterstof ekstraksie voor fraksionering van die PLFA was
suksesvol in die verwydering van die koolwaterstowwe en die gevolglike inmenging.
Die metode is as geskik geag vir gebruik in gevolglike analises.

Alhoewel die twee laboratoriumskaal koeltorings van identiese ontwerp was, moes
die eendersheid of verskillendheid bepaal word. Fisies-chemiese analises het
inderdaad getoon dat die twee koeltorings onder identiese kondisies funksioneer.
Daar is bevind dat die koeltorings eenders reageer in terme van bewuiling-,
skaalvorming- en korrosietempo’s, sowel as mikrobiese gemeenskapstruktuur. Die
twee koeitorings kon dus in parallel bedryf word onder verskillende operasionele
toestande met enige verskille in resultate wat ‘n effek sou wees van die operasionele
toestande.

Die effek van pH, vloeisnelheid en konsentrasiesiklusse op die bevuiling,
skaalvorming en korrosie, asook die mikrobiese gemeenskapsamestelling is
geévalueer met behulp van ‘n 2° multi-faktoriese eksperimentele ontwerp.
Konsentrasiesiklusse is getoon om die grootste invioed te hé op die bevuiling,
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skaalvorming en korrosie, gevolg deur pH. Konsentrasiesiklusse en pH is ook
getoon om die sterkste effekte te hé op die mikrobiese gemeenskap dinamika. Die
gebruik van die 2° multi-faktoriese eksperimentele ontwerp het dit ook moontlik
gemaak om die optimale kondisies te bepaal vir bedryf van die koeltorings met SGL
as verkoelingswater. Die kondisies is as volg: 5 konsentrasiesiklusse, pH 7.5 en ‘n
vloeisnelheid van 0.6 m/s. Samevattend was die toepassing van die 2° multi-
faktoriese eksperimentele ontwerp, fisies-chemiese, PLFA en DGGE analises
instrumenteel in die suksesvolle bepaling van die effek van konsentrasiesiklusse, pH
en vioeisnelheid op die bevuiling, skaalvorming en korrosie asook die mikrobiese

gemeenskap dinamika in die koeltoring waar SGL. as verkoelingswater gebruik is.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION AND PROBLEM STATEMENT

Global freshwater resources are under threat and the threats to freshwater
ecosystems result in the continued inability to meet basic human needs for water
(Gleick ef al., 2001). South Africa is semi-arid with an average rainfall of
approximately.450 mm per annum (DWAF, 2004a). The average rainfall in the Upper
Vaal Water Management Area (WMA) decreases from 800 mm per annum (mm/a) in
the south east to 600 mm/a in the north west (DWAF, 2004b). These values are
close to the world average of approximately 860 mm/a. This water, however, has to
be distributed to the rest of the country. .As a result, South Africa’s water resources
are, in global terms, scarce and extremely limited and need to be preserved. Sasol is
the second biggest industrial water user in the Upper Vaal WMA. In 2000 Sasol | in
Sasolburg and Sasol Il & lIl in Secunda required 2 and 3 percent, respectively, of the
total volume of water in the Upper Vaal WMA. This is equivalent to 71 200 ML/a and
106 800 ML/a, respectively (DWAF, 2004b).

Sasol plants gasify more than 30 million tons per annum of coal via the Fischer-
Tropsch process resulting in the production of synthesis gas and a condensate
stream (van Nierop ef al., 2000; van Dyk ef al., 2006). After gravimetric separation of
the tar products, the solvent extraction of phenolics and the steam stripping of
ammonia from the condensate stream, a complex effluent referred to as stripped gas
liquor (SGL) is generated (van Nierop et al., 2000). Since large volumes (60 ML/d) of
SGL are produced by Sasol on a daily basis, the SGL has a potential to be used as
process cooling water. The use of SGL as cooling water would enhance the water
conservation measures at Sasol by reducing the volume of raw water intake, as well
as reducing the final effluent volume after bio-treatment (van Nierop et al., 2000).

There are, however, several problems associated with the operation of open
evaporative cooling systems. These problems include microbial growth and the
resultant microbially induced corrosion (MIC) (Chourday, 1998). Biofilms and scale
formation in cooling water systems interfere with heat transfer across metal surfaces,
lower fluid velocity (FV), increase energy utilisation and decrease operation efficiency
(Brozel and Cloete, 1991; Cloete et al., 1994; Smith et al., 2003). Microbially induced

corrosion can affect all types of metals used in cooling water systems resulting in




metal failure (Chourday, 1998). Microorganisms, scale deposit and corrosion are the
major problems in cooling circuit water system (Congmin et al., 2007). Parameters
that have an influence on the fouling, scaling and corrosion of industrial cooling
towers include pH, cycles of concentration (COC) and FV (IWS, 1994).

Conventional microbiological methodology has been applied in investigating the
bacteria in industrial water systems. These methods are, however, not well suited for
the detection of microbial community structure in situ (White et al., 1996). For a
better understanding of microbial diversity, other techniques that are quantitative,
more representative and differentiative are required (Muyzer, 1999). PLFA analysis
can be used to quantify community structure and biomass without relying upon
cultivation of microorganisms (White et al., 1996¢; lbekwe et al., 2007). PLFA
analysis provides an estimate of viable microbial biomass and physiological status of
the microbial community, since PLFAs reflect the phenotypic response of
microorganisms to environmental conditions (Villanueva ef al., 2004). Denaturing
gradient gel electrophoresis (DGGE) can be used to study the microbial biodiversity
and population dynamics of complex ecosystems over space and/or time (Camu et
al., 2007). DGGE is a powerful tool to discern changes in microbial community
structure in a variety of habitats (Sievert et al., 1999). The technique is capable of
differentiating between two DNA molecules that differ only by a single base pair
(Sheffield et al., 1989). PLFA and DGGE were used in this study for the analysis of

microbial community structure within the cooling towers.

1.2 AIM AND OBJECTIVES

The aim of this study was to evaluate the effects of COC, pH and FV on the rates of
fouling, scaling and corrosion as well as on the microbial community dynamics in
cooling towers using SGL as process cooling water. The objectives of this study
were to:

i. Optimise the selective extraction of hydrocarbons from SGL so as to eliminate
the interference of hydrocarbons with PLFA analysis,

ii. Determine the similarity or dissimilarity of two cooling towers in terms of the
fouling, scaling and corrosion rates as well as microbial community structure
when these were operated under similar operational conditions,

iii. Determine the effects of pH, COC and FV on the rates of fouling, scaling and
corrosion of mild steel, as well as the structural diversity of the microbial




communities in both the planktonic and sessile phases using a 2° multi-

factorial experimental design.




CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

Global freshwater resources have been under threat and the threats are on the rise
and are now reaching critical levels. These threats include increasing surface and
groundwater pollution, global climatic changes that affect water supply and demand,
resurgent water related diseases, and the destruction and degradation of freshwater
ecosystems. The threats to freshwater ecosystems result in the continued inability to
meet basic human needs for water; the increasing conflicts among urban, agricultural
and environmental water interests; growing number of endangered and threatened
species; and new outbreaks of water related diseases (Gleick et al., 2001).
Population growth and increasing development have increased the demand for better
utilization of the limited water supplies (Choi et al., 2002).

South Africa is located in a predominantly semi-arid part of the world. The climate
varies from desert and semi-desert in the west to sub-humid along the eastern
coastal area. The South African average rainfall was about 450 mm per year (mm/a)
in 2004, down from 497 mm/a in 1997 (DWAF, 1997; DWAF, 2004a). These figures
are well below the world average of about 860 mm/a. As a result, South Africa’s
water resources are, in global terms, scarce and extremely limited.

The Upper Vaal Water Management Area (WMA) covers part of four provinces viz.
Gauteng, Free State, Mpumalanga, and North West provinces. The average rainfall
in the WMA decreases from 800 mm/a in the south east to 600 mm/a in the north
west with the potential evaporation increasing from 1300 mm/a in the south east to
1700 mm/a in the north west (DWAF, 2004b). The balance of water (available water
less water requirements) in the Upper Vaal WMA is expected to decrease from 19
million m®a in 2000 to a shortfall of 44 million m%a in 2025. The total gross water
use for the Vaal River System for the year 2000 was estimated at 3560 million m*/a
(DWAF, 2004b).

Nearly 20% of the gross domestic product (GDP) of South Africa originates from the
Upper Vaal WMA. This is the second largest contribution to the national wealth
amongst all the WMAs. The manufacturing sector contributes over 30% to the gross




geographic product (GGP) generated in the WMA, followed by trade at just over 15%
and both finance and mining slightly higher than 10% (DWAF, 2004b).

In order for a sustainable future to be secured emphasis should be placed on
integrated water resource management (DWAF, 1997; DWAF, 2004b). Gleick et al.
(2001) suggested that efforts to explore non-structural alternatives to water supply
should be widely encouraged, including efficiency improvement, demand
management and wastewater reuse.

Sasol plants gasify more than 30 million tons per annum of coal to synthesis gas,
which is converted to more than 200 fuel and chemical products via the Fischer-
Tropsch process (van Nierop et al., 2000; van Dyk et al., 2006). Sasol produces the
equivalent of 150 000 barrels per day of fuels and petrochemicals from coal via its
indirect liquefaction process. The process produces more that 40% of South Africa’s
liquid fuel requirements (van Dyk et al., 2006). During the gasification process coal is
converted to crude gas under pressure and at high temperatures in the presence of
steam and oxygen (Figure 2.1; van Dyk et al., 2006). The aqueous stream, resulting
from the cooling of the crude gas, contains valuable co-products such as tars,
phenols and ammonia. After gravimetric separation of the tar products, the solvent
extraction of phenolics and the steam stripping of ammonia from the condensate
stream, a complex effluent referred to as stripped gas liquor (SGL) is generated (van
Nierop et al., 2000). A summary of the Sasol process is illustrated in Figure 2.1.

Coal gasification wastewater characteristics, of which SGL is the main stream, are
similar to coke plant wastewater (Zhang et al,, 1998). Their contaminants include
ammonia, cyanide, thiocyanide, and many toxic organic contaminants such as
phenols, mono- and poly-cyclic nitrogen containing aromatics, oxygen and sulphur-
containing heterocyclic compounds and poly-aromatic hydrocarbons (Figure 2.1;
Zhang et al., 1998). The effluent from the coal-gasification process can contain more
than 3 g/L of phenols (Yang et al., 2006). Phenolics account for 80% of the total
COD in these waters (Zhang et al., 1998).

Water is the preferred medium for removing this excess heat from process streams in
industrial applications because of its low cost, availability in large quantities, ease of
handling under process conditions, and it's very good and useful thermal properties
(de Almeida et al., 1997; Chourday, 1998). Open evaporative cooling water systems
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(Figure 2.2) provide economical heat sinks because they can handle high heat loads
with minimal water loss (Chourday, 1998). Water scarcity and environmental
considerations have ensured that open recirculating cooling tower systems are the
most acceptable and widely adopted method for cooling industrial water (de Almeida
et al., 1997).

The water used for the cooling is usually potable water or untreated surface waters.
In some cases the water is an industrial effluent that cannot just be released into the
river, and even if it could it would be more cost effective to use this effluent as cooling
water than to buy millions of litres of water per day. In an attempt to reduce the
intake of raw water from the environment, re-use of process effluents as cooling
water has been implemented at Sasol, South Africa.

Large volumes (60 ML/d) of SGL are produced by Sasol on a daily basis. SGL has
the potential to be used as process cooling water. The use of SGL as cooling water
would enhance the water conservation measures at Sasol by reducing the volume of
raw water intake to the synfuels complex, as well as reducing the volume of final
effluent water that is returned to the Vaal River after bio-treatment (van Nierop et al.,
2000). Although an increase in the pollutant concentration will be associated with the
use of SGL as cooling water, the total load in the final effluent being released will be
decreased. Approximately 9 ML/d of SGL are currently being used by Sasol as
cooling water. With the use of SGL instead of potable water as cooling water Sasol
has reduced their water cost by at least R15 million per annum based on 2006 —
2007 financial year Rand Water industry tariffs
(http://www.randwater.co.za/NewsDetails.asp?NewsID=830, accessed 22/11/2006).
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Figure 1. The coal gasification to stripped gas liquor process at Sasol (van Nierop et
al., 2000; van de Venter, 2005).

The use of industrial effluents in cooling water systems affects both the quantity and
community structure and function of microbial populations in the cooling water
systems. This needs to be considered as microbial populations can affect the
operation of the cooling water systems.

Due to the presence of microorganisms in most cooling water systems degradation of
certain components of the effluent is also possible, allowing the cooling water system
to operate as a bioreactor (Weissman ef al.,, 1998; Taniji et al., 2007). This would
result in a reduction of the final effluent organic load on the receiving water body.
The volume of water released would also be reduced due to large volumes of water
being lost through the evaporation that occurs during the cooling process.

There are, however, several problems associated with the operation of open
evaporative cooling systems. Microorganisms, scale deposit and corrosion are the
major problems in cooling circuit water system (Congmin et al., 2007). Favourable
conditions for the development of fouling, scaling and corrosion problems exist in

open recirculating cooling water systems with cooling towers (de Almeida et al.,
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1997). Stripped gas liquor contains nutrients that could possibly encourage the
growth of bacteria. Conditions in cooling water systems are favourable for the growth
of bacteria (elevated temperatures and high dissolved oxygen levels), leading to
fouling. Biofilms and scale formation in cooling water systems interfere with heat
transfer across metal surfaces because they act as insulators due to their low
conductivity; they also lower FV, increase energy utilisation and decrease operation
efficiency (Brozel and Cloete, 1991; Cloete et al., 1994; Smith et al, 2003).
Microbially induced corrosion (MIC) is the corrosion of metals, which occurs directly
or indirectly as a result of microbial metabolism (von Holy, 1987). Microbially induced
corrosion has been shown to correlate with specific biofilm activities and can affect all
types of metals used in cooling water systems (Chourday, 1998; White et al., 1999).

Fouling, scaling and MIC cost industry millions of Rands a year. Fouling of heat
exchanger has been estimated to cost in the order of 10'° Euro per year in Europe
(Bott, 1995). Microbially induced corrosion accounts for approximately 10% of all
metallic corrosion, resulting in costs of around R400m per annum in South Africa
alone (Brézel and Cloete, 1989). This is money that could be effectively used in
other parts of the business. Since biofilms consist of a large diversity of
microorganisms there is a vast array of interactions that occur in the biofilm that can
lead to microbially induced corrosion (MIiC). Analysis of the microbial community
diversity in these biofilms would lead to a better understanding of these interactions.
This understanding would aid in the control and combating of biofouling and MIC.

Conventional microbiological methodology has been applied in investigating the
bacteria in industrial water systems. However, these methods are limited in their
ability to accurately detect bacterial numbers and microbial community function and
structure in situ (White et al., 1996b). These methods are not well suited for the
assessment of microbial community composition or in situ phenotypic activity of
microorganisms. This has necessitated the development of new techniques that are
more representative and more quantitative for the study of microbial diversity.
Several biochemical assays have been developed for the detection of specific
microorganisms associated with biofouling and MIC (Little ef al., 1998). Unlike the
culturing technigues these techniques are not dependent on microbial culturability but
they measure constitutive properties including PLFA, cell bound antibodies, DNA,
and adenosine-5’-phosphosulfate reductase and hydrogenase (Little et al., 1998).




2.2 COOLING TOWERS

A cooling water system consists of a cooling tower, a pumping system and a network
of heat exchangers or coolers arranged in parallel, in series or in a combination of
both (Picon-Nunez et al., 2007). Cooling towers are commonly used in large thermal
systems, such as most industrial power generation units, refrigeration and air
conditioning plants, chemical and petrochemical industries, to reject waste heat. The
towers are designed to cool a warm water stream through evaporation of some of the
water into an air stream (Figure 2.2). There are several types of cooling towers. The
mechanical draft cooling tower is probably the most common wherein the water
enters at the top of the tower as a spray and flows downward through the tower.
Ambient air is drawn into the tower using fans, and flows in a counter or crosscurrent
direction to the water stream (Figure 2.2). If the fans are at the bottom of the tower
and blow the air upward past the water stream, the tower is called a forced draft
tower, whereas if the fans are at the top, it is an induced draft tower (Qureshi and
Zibair, 2006).

Heat exchangers have tubes with cool water running through them and the hot
process stream running over the tubes with cool water. Since the hot and cold water
run counter current the process stream becomes cooler but the water in the heat
exchanger becomes hotter. The water inside the heat exchanger then needs to be
cooled down. This cooling is accomplished with the aid of cooling towers. Open
recirculating cooling tower systems take water from the cooling tower sump, circulate
it through the process equipment requiring cooling, and returns the water through the
evaporation unit, where the water is cooled as some of it evaporates (Figure 2.2;
Garrett-Price ef al., 1985). In a counter-flow cooling tower, the hot process water to
be cooled is sprayed into an upward flowing air stream using a number of nozzles.
The nozzles are arranged in such a way that the water is uniformly distributed over
the fill material. Due to heat and mass transfer, the water temperature is reduced
while the air enthalpy is increased because the air is heated and saturated by the
water as it moves up (Qureshi and Zibair, 2006).

The concentration of dissolved and suspended solids, and salts, as well as the
natural action of water on system metals and temperature variations within the
cooling water system, leads to a number of water related problems (Chourday, 1998).
Microorganisms, scale deposit and corrosion are the major problems in cooling circuit
water systems (Congmin et al., 2007). Recirculation of the water in cooling towers
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results in the concentration of dissolved and suspended substances due to the
evaporation, thereby promoting scale formation, biofouling, and subsequent macro
fouling of the system and eventually microbially induced corrosion (Cloete et al.,
1994). Make up water must be added to replace the water that is lost via evaporation
and blow down (bleeding) is required to prevent excessive concentration of dissolved
and suspended solids in the cooling water (Garrett-Price et al., 1985).
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Figure 2. Schematic representation of a typical open re-circulating cooling water
tower.

Fouling in cooling water systems can be classified as biological (biofouling), chemical
(scaling) or physical (de Aimeida ef al., 1997). In cooling water systems microbial
growth could be very high due to the presence of nutrients, favourable temperatures
and high residence time (Ludensky, 2003). Open recirculating cooling water systems
also offer plenty of water, are exposed to sunlight, have a pH range of 6 to 9, have
good aeration and provide a continuous source of bacteria from makeup water and
ambient air (Chourday, 1998). The contamination of cooling water promotes the
fouling of heat exchanger surfaces (de Almeida et al,, 1997). This contamination
may either be from leakages in the process plant, from the makeup water, or from the
scrubbing of the air in the cooling towers (de Almeida et al., 1997; Chourday, 1998).

The microorganisms present in the cooling towers can be categorised as either

planktonic or sessile. Planktonic microorganisms are dispersed in the cooling water,
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whereas sessile microorganisms are attached to surfaces. Sessile microorganisms
are known as a biofilm (Tanji et al., 2007). Microbially induced corrosion, which is a
result of the formation of biofilms, is a serious problem in cooling systems (Chourday,
1998). Fouling and corrosion in cooling towers are deeply interrelated phenomena
(de Almeida et al., 1997). Corrosive processes generate precipitates that result in
fouling, which in turn initiate the formation of differential aeration cells in oxygen
saturated cooling water, followed by corrosion under the deposits (de Almeida et al.,
1997).

2.3 FOULING

Fouling is the accumulation of scale, organic matter, corrosion products, coke,
particulates or other deposits on a heat transfer surface (Kukulka and Devgun, 2007).
Fouling in cooling water systems can be classified according to its causes. The
causes are biofilm formation due to microbial adhesion and proliferation, scale
formation by precipitation of salts that have exceeded their solubility limit, due to the
concentration effect in cooling water systems, and deposit formation from suspended
particles in the circulating water (de Almeida et al., 1997). Fouling is complex, costly,
and affects many different industries. Its development is more rapid in flowing
systems where adequate nutrients are available, as is found in most cooling tower
systems (Kukulka and Devgun, 2007). Increased biofouling can result in increased
corrosion rates due to microbial action (microbially induced corrosion).

Biofouling is the undesirable deposition and growth of organisms on surfaces in
contact with liquid media, resulting in the formation of biofilms (Flemming ef al., 1998;
Kumar and Anand, 1998). A biofilm is the functional consortium of microorganisms
and extra-cellular polymer substances (EPS) in association with a solid surface
(Kumar and Anand, 1998). Bacteria in natural systems seldom appear in pure
culture. Biofilms, therefore, consist of multi-species communities (White et al., 1999).
The EPS form as much as 50 to 90% of the biofilms' organic carbon (Christensen
and Characklis, 1990).

The adhesion of microorganisms onto surfaces is a function of the surface roughness
with microorganisms attaching better to the rougher surfaces (Garrett-Price et al.,
1985). Pseudomonas spp. are normally the first to adhere to the surfaces because
they posses polar flageila, therefore they attach very well (Cloete et al., 1994). The

types of microorganisms that are mainly responsible for the formation of biofilms are
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the heavily encapsulated, fast growing bacteria such as species of Arthrobacter,
Aerobacter, Proteus, Bacillus and Pseudomonas (Chourday, 1998). Bacterial
detachment from and absorption into the biofilm provides a means of interaction
between the planktonic bacteria and the biofilm. Low local fluid velocities promote
the attachment of microorganisms to surfaces. The growth of these biofilms is limited
" by the shearing that occurs at high fluid FV (Garrett-Price ef al., 1985). Water carries
the detached cells and they then attach on another surface resulting in biofilm
formation downstream (Characklis and Cooksey, 1983).

The formation of biofilms offers bacteria certain advantages. Biofilms support a very
wide range of microorganisms, as can be seen in Figure 3 and Figure 2.4 (Nielsen et
al., 1997; Little et al., 1998). This allows for the establishment of biological niches,
allowing organisms that could not compete or survive in a completely mixed
suspended growth system to thrive successfully in biofilms (Bishop, 1997). Bacteria
in biofilms are in close proximity with other bacteria with which they are in mutualistic
relationships and, therefore, have greater access to nutrients (Cloete ef al., 1994).
Sulphate reducing bacteria, chemo-organotrophic bacteria, and bacteria invoived in
iron-manganese cycles are the most commonly found microorganisms in biofilms
(Figure 2.4; von Rege and Sand, 1998). Biofilms also account for microbially induced
corrosion (MIC) of metal surfaces since the microbial species within biofilms can give
rise to MIC (Poulton et al., 1985). The processes that can lead to MIC are illustrated
in Figure 2.4.

Biofilms consist of complex microbial communities that interrelate between the
aerobic, facultative and anaerobic layers of the biofilm in terms of substrate utilisation
and waste removal (Figure 2.4). One should therefore not isolate individual
organisms or groups of organisms but look at the microbial community as whole in
order to gain some insight into the dynamics that exist in biofiims.

Biofouling is a cofnplex process that is hard to measure and requires potentially
hazardous products to control (McCoy et al., 1998). The formation of biofilms
interferes with heat transfer across metal surfaces, increasing heat transfer
resistance, since biofilms act as insulators due to their low conductivity (Cloete ef al.,
1994). A biofilm will most probably form on the cooling tower's fill when the
circulating water has a high biological oxygen demand (Beyer, 1993). The cleaning
of the heat transfer surfaces sometimes requires long shutdown periods (2-3 days),
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resulting in high cleaning, repair and lost production costs and results in the reduction
of operational hours (de Almeida ef al., 1997, van Agtmaal et al., 2007).
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Figure 3. Suggested model of the composition of a biofilm and the main processes
that occur within it (adopted from Nielsen ef al., 1997)

Low FV may provide stagnant areas that enhance biofilm formation and the
precipitation of organic and inorganic contaminants from the circulating water (IWS,
1994). It is, therefore, generally expected that an increase in flow rates would
prevent bacterial attachment and growth on metal surfaces. Soini et al. (2002)
reported that FV of 1.5-5.2 m/s had an insignificant effect on biofilm formation. They
did, however, also find that an increase in the FV decreased bacterial densities
indicating preferable biofilm formation on areas with low FV. Lehtola et al. (2006),
however, reported a 13 to 15 times increase in biofilm formation with increased FV of
water from 0.03 to 0.28 m/s. Chen et al. (2005) reported that biofiim adhesive
strength increased as the fluid velocity increased from 0.6 to 1.6 m/s. They also
found that the biofilms generally grew as a more compact pattern at the higher fluid
velocity. Kobrin (1994) reported fouling and subsequent stainless steel failure, due to
microbially induced corrosion, at flow rates of 2.4 to 3 m/s.
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Increasing FV helps to transport the nutrients of bulk water into the biofilm, causing
the bacteria within the biofilms to multiply more quickly (Tsai, 2006). Brito and Melo
(1999) found that a transient variation in the liquid velocity from 1.5 up to 13.2 m/h,
imposed after the biofilm had reached steady-state conditions, increased the internal
mass transport by 20% on average. Conversely, increasing FV is also helpful to the
sloughing of biofims and the penetration of disinfectants into biofilms, thus
suppressing biofilms formation (Tsai, 2006). Kukulka and Devgun (2007) suggest
that stronger shear forces will not entirely prevent fouling, but will lead to thinner and
firmer deposits. Cloete et al. (2003), however, found that biofilms were detached at
flow rates of 3 — 4 m/s. The IWS (1994) stated that increased FV result in reduced
fouling rates but warned that the increased flow rates can result in increased
erosion/corrosion and impingement attack problems, especially if suspended matter
is carried in the cooling water.

2.4 SCALING

A number of mineral salts cause scaling in cooling water systems. Most of these
mineral salts are present in the make-up water supply (IWS, 1994). Even if the
make-up water is not hard, the circulating water in a cooling-tower system is
generally hard due to the evaporation of water leaving mineral ions behind in the
circulating water (Lee and Cho, 2002). Calcium carbonate (CaCO3) is the most
common constituent of scale found in cooling water systems in hard water areas
(IWS, 1994). Calcium carbonate can be formed when a sharp rise in pH favours the
decomposition of bicarbonate: Ca®" + HCO;™ + OH™ — CaCO; + H20 (Rakanta et al.,
2007). Scale often observed in industry includes calcium carbonate, calcium
sulphate, barium sulphate, silica, and others (Kim et al., 2001).

Scale formation is affected by factors such as pH, ion concentration, temperature,
heat transfer, water composition, chemical treatment, plant design, FV and retention
time (IWS, 1994). A lower pH generally leads to increased solubility of salts and
therefore a reduced scaling potential (IWS, 1994). The concentration effect in
cooling water systems may result in scale formation due to the precipitation of salts
that have exceeded their solubility limits (Cloete et al., 1994; de Almeida et al., 1997).
As hard water is heated, its solubility changes resulting in scale formation on heat
exchangers. This happens in the case of calcium and magnesium carbonates that
exhibit inverse solubility behaviour with temperature (Kim et al.,, 2001; Picon-Nunez
et al., 2007).
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Theoretical Langelier Saturation Index (LSl) or/and the Ryznar Stability index (RSI)
can be used as indicators of the scaling or corrosion potential of water (Al-Rawaijfeh,
and Al-Shamaileh, 2007; Melidis ef al., 2007). These indices are used under the
assumption that if water is scale forming, corrosion rates will be negligible. As a
consequence waters that are not scale forming are considered corrosive when
~interpreting the LS. The latter index is the most widely used indicator of cooling
water scaling potential but provides no indication of the amount of scale or actual
precipitation of CaCQO;. The index indicates the driving force for scale formation and
growth in terms of pH (as a master variable), alkalinity (reported as CaCO3; in mg/L),
calcium concentration (as Ca®* in mg/L), total dissolved solids (TDS in mg/L) and
water temperature. The RSI combines empirical data with theory of calcium
carbonate saturation to predict the scale forming tendency and how corrosive the
water is (Rakanta et al., 2007).

A scaling layer can offer some protection against corrosion, implying that higher
scaling rates should generally result in lower corrosion rates (IWS, 1994). Marin-
Cruz et al. (2006), however, established that corrosion and scale processes are
closely related and occur simultaneously at different sites of the metallic surface.
Rakanta et al. (2007) also found that the presence of chloride ions, associated with
scale formation, increased corrosion as a result of the formation of galvanic cells
caused by the difference of oxygen concentration in the water and in areas where
there was a salt cover or entrapment of water. Scaling causes loss of capacity for
thermal exchange and in severe cases restricts water flow (Marin-Cruz et al., 2006;
Rakanta et al., 2007).

2.5 CORROSION

Conditions that influence corrosion rates in cooling water systems are conditions of
metal surfaces (deposits, pitting corrosion under deposits), nature of the environment
(low pH leads to increased corrosion rates), oxygen content, flow rate (increased flow
rate increases the oxygen access to the surface), and water quality (hard waters are
scale forming and less corrosive) (Rakanta et al., 2007). The corrosion rate of metals
in cooling towers can be increased by dissolved oxygen and dissolved carbon
dioxide, the latter lowering the pH. This means that even if the water is alkaline the
system can be affected by oxygen corrosion (IWS, 1994).
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The following are the elementary reactions of the corrosion process, Fe®— Fe?* +2e”
(1) and O +2H,0 + 4e — 40H (2). The reaction of carbon steel dissolution (Eq.
(1)) will generate corrosion products, whereas the oxygen reduction reaction (Eq. (2))
will produce OH  ions, giving rise to a local modification of pH. Both reactions
promote the formation of Fe(ll), and Fe(ill) compounds on the surface including iron
oxides (Fe;O4, Fey03), hydroxides (Fe(OH)s), sulphates (FeSO,) and chlorides
(FeCls). The oxygen reduction reaction additionally gives rise to scaling due to the
presence of Ca(ll) and HCO;™ ions in the medium, according to the reaction: Ca®*
+HCO;” +OH — CaCOs; +H,O (3). Given that reactions (1) and (2) occur
simultaneously in different zones of the same surface, the scale process will be
coupled to the corrosion process (Marin-Cruz et al., 2006).

Weight loss measurement of metal coupons is one of the methods that is used to
determine corrosion rates. Rao et al. (2000) used carbon steel coupons to determine
the corrosion rate in a cooling water circuit. Choi ef al. (2002) also used carbon steel
coupons to determine the effects of an inhibitor on carbon steel dissolution in
synthetic cooling water through weight loss measurements. The advantage of using
corrosion coupons is that their use is relatively simple and inexpensive.
Disadvantages include the assumption that corrosion is uniform and that the
corrosion rate is integrated over the exposure time. Extreme variations in corrosion
rate cannot be detected (de Bruyn, 1996).

2.5.1 Microbially Induced Corrosion (MIC)

MIC can be defined as the corrosion of metals, which occurs directly or indirectly as a
result of microbial metabolism and has been shown to correlate with specific biofilm
activities (von Holy, 1985; White ef al., 1999). Microbiologically induced corrosion
(MIC) occurs when a unique combination of biological factors interact with the
chemistry of the water, temperature, FV, component metallurgy and the presence of
organic and inorganic fouling materials (Martinez ef al., 2004). Microorganisms can
modify the near-surface environmental chemistry by microbial metabolism and may
interfere with electrochemical processes occurring at the metal-environment
interface, promoting localised corrosion and affecting all types of metals (Chourday,
1998; Angell, 1999; Chen et al, 2007). In 1995 Poulton ef al. estimated that
microbially induced corrosion accounted for approximately 10% of all metallic
corrosion in South Africa, resulting in costs of approximately R400m per annum. This
figure could have substantially increased since 1995.
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Biofilms result in reduced oxygen concentrations near the metal surface and many
bacteria that are active fermenters under such conditions result in the production of
aggressive acids that corrode metal surfaces (Figure 2.4; Gaylarde and Morton,
1997). de Franga and Lutterbach (1996) and Lewandowski et al. (1997) stated that
microbial activity in biofilms accelerates fouling processes and may result in the
corrosion of industrial appliances. The presence and metabolic activities of bacteria
on metal surfaces produce environments that can alter rates of partial reactions in
corrosion processes and shift corrosion mechanisms (Figure 2.4; Congmin et al.,
2007). The most severe microbiologically induced corrosion takes place in aquatic
solution where physiological groups of aerobic and anaerobic microorganisms
interact (Congmin et al., 2007). Although both the aerobic and anaerobic bacteria
cause MIC, the corrosion reactions are different. Microbially induced corrosion does
not produce a unique form of localised corrosion. Instead, it can result in pitting,
crevice corrosion, under deposit corrosion, enhanced galvanic corrosion and erosion
corrosion (Little et al., 1998, White ef al., 1999).

2.5.1.1 Organisms Involved in Microbially Induced Corrosion

Several groups of microorganisms are responsible for MIC. The bacteria causing
corrosion of iron and steel include sulphate-reducing bacteria (SRB), acidophilic
Thiobacillus spp., iron-reducing bacteria, iron-oxidizing bacteria, etc. (Chen et al.,
2007). Other organisms involved in MIC include acid producing microorganisms,
methanogenic bacteria and algae. The most devastating MIC occurs in the presence
of microbial consortia in which many types of bacteria interact in complex ways within
the biofilm structure, as can be seen in Figure 2.4 (Little et al., 1998). One must
therefore not be misled by the discussion of the groups of microorganisms
individually. 1t would be very difficult, if not impossible, to discuss the biofiim as a
whole mainly because the interactions that exist in a mature biofilm are highly
complex and not fully understood.

Sulphate reducing bacteria cause corrosion by acting as cathodic depolarisers and
by producing corrosive hydrogen sulphide (Figure 2.4; Odom, 1990; von Holy, 1987).
Even though not commonly known sulphate reduction also occurs under aerobic
conditions (Santegoeds et al., 1998). This implies that SRB can cause corrosion
under both aerobic and anaerobic conditions. Anaerobic SRB are, however, the
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most significant contributors to the MIC of iron and ferrous alloys in aquatic and
terrestrial habitats (Beech et al., 1998). Corrosion due to SRB occurs mostly where
metal structures are covered by biofilm and, as a result, the metal surface is devoid
of oxygen (Cloete et al., 1994; Chourday, 1998). Under anaerobic conditions SRB
corrode steel and other alloys four times faster than when corrosion is oxygen-
promoted (Cloete et al., 1994).

Chen et al. (2007) showed that iron oxidising bacteria (IOB) are able to adhere to
steel surfaces and cause serious corrosion damage. Iron-oxidising bacteria are
recognised for their ability to deposit iron hydroxide in structures outside their cells,
creating environments that are conducive to corrosion, especially on metals that are
prone to crevice corrosion (Chourday, 1998). The IOB, Gallionella spp., oxidises
ferrous to ferric iron (Fe?’*—»Fe*+e’), thereby catalysing tubercle deposition,
especially on stainless steel welding seams, where bacterial deposits are rich in both
iron and manganese (lverson, 1987; Brozel and Cloete, 1989). Cells and metal ions
form dense deposits that effectively exclude oxygen from the metal surface and
initiate a series of events that are individually or collectively extremely corrosive
(Chourday, 1998).

Ferric iron is insoluble, except at low pH, thereby protecting the metal surface from
further corrosion due to chemical activity (Cloete et al., 1994). Iron-reducing bacteria
reduce ferric iron (Fe*") to soluble ferrous iron (Fe?*), removing layers of oxide from
the metal surface thereby forcing mineral replacement reactions that lead to further
corrosion of the metal (lverson, 1987; Angell, 1999). Clostridium spp., Desulfovibrio
spp., Vibrio spp., Bacillus spp. and Micrococcus spp. are capable of anoxically
reducing Fe** (Cloete et al., 1994). This group of bacteria therefore promotes

corrosion indirectly.

Both the organic and inorganic acids produced by microorganisms can be highly
corrosive to metals. A number of organic acids have been associated with metal
corrosion; these include acetic acid, butyric acid, carbonic acid, glycolic acid,
tricarboxylic amino acids and fatty acids (Figure 2.4). Organic acids produced by a
number of bacteria, including Lactobacillus delbrueckii, have been found to cause
extensive corrosion of iron (lverson, 1987). Propionibacterium spp. produce
propionic and acetic acids and Clostridium spp. produce primarily acetic acid, which
have been implicated in the corrosion of metals (Montville et al., 1985; Holt et al.,
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1994). Organic acids of fungal origin have reportedly corroded aluminium, steel and
copper (lverson, 1987).

Acidophilic sulphur-oxidising bacteria Thiobacillus thiooxidans and Thiobacillus
ferrooxidans produce sulphuric acid (H,SO4) from the oxidation of sulphur, sulphides
or sulphates. This results in localised pH depression to as low as 1 (lverson, 1987;
Chourday, 1998). The drop in pH results in severe thinning of metals where these
organisms are in contact with the metal (Chourday, 1998). Methanogenic bacteria
induce corrosion and oxidation of elemental iron and mild steel via cathodic
depolarisation. In the process methane gas is produced (Figure 2.4) as a result of
the chemical production of low levels of hydrogen gas (8H" + 4Fe® + CO, —» CH, +
4Fe”* + 2H,0) (Boopathy and Daniels, 1991). Algae produce molecular oxygen,
corrosive organic acids, slime, and nutrients for other organisms involved in MIC
(Cloete ef al., 1994). They grow in the presence of light and will, therefore, mainly
proliferate in the light exposed areas of cooling water systems (IWS, 1994). The
blue-green algae Nostoc spp. and Anabaena spp. have been implicated in mild and
stainless steel weld-seam corrosion and hydrogenase-positive Chlorophyta spp. and
Cyanophyta spp. aggravate corrosion through cathodic depolarisation (Cloete et al.,
1994),

2.6 CULTURE DEPENDENT BACTERIA MONITORING METHODS

Two methods, based on the determination of viable counts, are frequently used to
monitor microbial presence and activity in water systems. These techniques are the
plate count technique and the most probable number (MPN) technique (Cloete et al.,
1996). The Biolog system has also been used to determine the functional diversity of
microbial communities (Zhang ef al., 2008).

2.6.1 The Plate Count Method

The plate count method is based on the culturability of the microorganisms in the
samplie under observation. This technique assumes that a visible colony will develop
from each organism in the sample (Bott ef al., 1983). The advantage of culturing
techniques is that they are extremely sensitive in that low numbers of bacteria grow
to easily detectable higher numbers in the proper growth medium (Little et al., 1998).
Identification of microorganisms based solely on this method yields valuable
information (Kawai et al., 2002). The method, however, only accounts for 0.1% to
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10% of the total community detected by direct counting methods (Macnaughton et al.,
1997).

2.6.2 The Most Probable Number (MPN) Method

The MPN method is based on a statistical estimation of the viable biomass. |t is
assumed that even if a test tube with growth medium were inoculated with one celi,
growth would occur (Hopton et al., 1972). Although the MPN method gives higher
bacterial counts than the plate count method; this method also has significant
disadvantages. Probabilistic estimations are used, which resuits in a higher
frequency of error (Melchiorri-Santolini, 1972). All MPN methods tend to
underestimate the number of bacteria in environmental samples due to clumping of
cells and attachment to particulate matter (Vester and Ingvorsen, 1998). The MPN
method, therefore, represents only a fraction of the total count observed
microscopically (Hopton et al., 1972).

2.6.3 Community Level Physiological Profiles (Biolog)

The functional diversity of a microbial community can be determined using the
community level physiological profile (CLPP) technique. The technique is easily
applicable and is feasible for use in large-scale industrial or environmental studies
(Palojarvi et al., 1997). The CLPP technique is capable of differentiating bacterial
communities from the same (or different) environment under different conditions
(Kelly and Robert, 1998). Cookson et al. (2007) obtained similar results when they
used CLPP, DGGE and PLFA. The technique is, however, limited by the differential
growth of micro-organisms that occurs in the individual Biolog wells (Garland and
Mills, 1991), the need for the standardisation of the inoculum, and the systems'
dependence on the growth of the micro-organisms in the Biolog wells.

Culture dependent methods have considerable limitations for the analysis of
industrial and environmental samples (White et al., 1996c). Conventional
microbiological methods provide little insight into the in situ microbial community
structure, nutritional or environmental status, the evidence of toxicity, or the evidence
of phenotypic expression of specific metabolic activities (White ef al., 1996¢). These
methods are limited because only a small percentage of all microorganisms can be
cultured (Ibekwe et al., 2007). Between 500 and 50 000 attached bacterial cells have
been reported for each planktonic cell in suspension (Costerton and Lashen, 1984,
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Jacobs et al., 1996). The common practice for monitoring industrial water systems
still, however, frequently involves the determination of planktonic bacterial numbers
resulting in an underestimation of bacterial numbers and types of bacteria present in
the biofilm (Cloete et al., 1998).

2.7 CULTURE INDEPENDENT METHODS FOR MICROBIAL COMMUNITY
DYNAMICS

Traditional microbiological techniques, such as light microscopy and culturing, have a
limited use for the classification and identification of microorganisms (Muyzer, 1999).
For a better understanding of microbial diversity other techniques that are
quantitative, more representative and differentiative are required (Muyzer, 1999).
Several molecular techniques have been developed in order to study natural samples
(Kawai et al.,, 2002) These techniques measure constitutive properties including
PLFA, cell bound antibodies, DNA, adenosine-5-phosphosulfate reductase and
hydrogenase (Little et al., 1998, Muyzer, 1999). PLFA and nucleic acids have been
shown to provide a qualitative and quantitative measure of microbial diversity and
community composition (White et al., 1998). With the use of these techniques it has
become evident that microbial diversity is much greater that previously anticipated
(Muyzer, 1999).

2.7.1 Electron Microscopy

Chemical analysis can indicate the cause of fouling, scaling by hardness or
amorphous silica, microbial contamination, clay particles etc., but scanning electron
microscopy (SEM) can provide more in-depth information on the fouling layer (de
Roever and Huisman, 2007). Rao et al., (2000) used SEM to study MIC and
observed the presence of ensheathed filamentous iron bacteria encrusted with
corrosion products as well as significant pitting and SRB induced corrosion in the
form of concentric rings beneath the tubercles.

SEM can be combined with an energy-dispersive X-ray spectrometer (EDS), which
enables one to obtain the elemental/chemical composition of the area or particle
being imaged by SEM (de Roever and Huisman, 2007). The benefit of SEM is that
the study matter does not have to be removed from the surface concerned and can,
therefore, be studied in situ.
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2.7.2 Microbial Community Structure (PLFA Analysis)

Phospholipid fatty acids (PLFA) are stable components of the cell walls of most
microorganisms and occur only in the membranes of living cells (Winding ef al., 2005;
Palojarvi et al., 1997). When bacteria are cultured under standardised conditions,
they maintain a constant fatty acid composition, which is specific for a genus or even
a species (Keweloh and Heipieper, 1996). It is possible to quantify different groups
of microorganisms by this method, and individual PLFAs can be related to microbial
community structure (Winding et al., 2005). Several unique classes of PLFAs can be
used to characterise microbial communities as they are specific for specific
subgroups of microorganisms e.g., Gram negative or Gram positive bacteria,
methanotrophic bacteria, fungi mychorrhiza and actinomycetes (Zelles, 1999). PLFA
analysis produces descriptions of microbial communities based on the functional
groupings of fatty acid profiles. PLFA analysis can, therefore, be used to quantify
community structure and biomass without relying upon cultivation of microorganisms
(White et al., 1996¢; Ibekwe et al., 2007).

Fatty acids are designated by the total number of carbon atoms as well as the
number of double bonds with the position of the double bond closest to the methyl
end (o) of the molecule. Configuration of the double bonds is indicated as cis (c) or
trans (t). For example, 16:1w7c is a PLFA with 16 total carbons with one double
bond seven carbons from the methyl end in the cis configuration. Fatty acids that are
branched are designated as iso (i) or anentio (a) if the methyl branch is one or two
carbons from the o end (i15:0), respectively. Cyclopropyl (cy) fatty acids are
designated by the total number of carbons (cy17:0) (Jack et al., 1992).

External factors such as temperature, pH, nitrogen source and salinity affect PLFA
composition (Dowling et al., 1986). Specific PLFA patterns can indicate physiological
stress (White et al., 1996). Factors such as the metabolic state, environmental
conditions and toxins have an effect on the PLFA composition of the cell membrane
(Frostegard et al., 1993). Exposure to stressful or toxic environments results in an
increase in specific trans monoenoic PLFA relative to their cis isomers and also an
increase in the cyclopropane to monoenoic PLFA ratio (Jack et al., 1992; White et al.,
1996). Bacteria can quickly adapt to toxic conditions by using trans/cis isomerisation
resulting in their membranes being more stable thus retaining their intracellular
physiological balance (Guckert et al., 1991). An increase in trans/cis ratios of these

isomers greater than 0.1 indicate a possibility of toxicity or starvation, whereas
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healthy organisms have a ratio of <0.05. Within minutes or hours after death the
cell's PLFAs are hydrolysed to produce diglycerides (DG) (White et al., 1996). The
difference (and ratio) between viable and non-viable celis can therefore be easily
determined by comparing the PLFA and DG content of a sample. Since the lipid
composition reflects defined responses to the environment during growth, the
analysis of PLFA patterns can, therefore, be used for the determination of nutritional
status, structural diversity and the effects of certain disturbances upon the microbial
community (Frostegard and Baath, 1996; Smith et al., 2000; Temina et al., 2007).
The determination of the total PLFA has also been shown to give an accurate
quantitative measure of the viable rnicrobial biomass. However, problems of
extraction efficiency exist (Jack et al., 1992; Winding et al., 2005).

In comparison to conventional microbiological techniques, the analysis of the PLFAs
analyses provides an indication of biodiversity and the phenotypic activities of each
community (White et al., 1996). Despite the fact that the determination of the
structural diversity of microbial communities, using PLFAs, is more cornplex than the
conventional plate counting assay, the entire microbial community can be monitored,
in situ. Although internal metabolic cycles can be hidden they play a crucial role in
the biofilm and will be reflected in the structure of the microbial community
(Santegoeds et al., 1998).

2.7.3 Microbial Community Structure (DGGE Analysis)

Denaturing gradient gel electrophoresis (DGGE) has been developed to assist in the
study of microbial biodiversity and population dynamics of complex ecosystems over
space and/or time (Camu et al., 2007). DGGE analysis of PCR amplified 16S and
18S rDNA fragments has frequently been used in the fingerprinting of natural
bacterial and fungal populations, respectively (Watanabe et al., 2001). The
technique is capable of differentiating between two DNA molecules that differ only by
a single base pair (Sheffield et al., 1989). Kawai et al. (2002) found that the method
can detect bacteria that cannot be detected on culture media. With DGGE one can
obtain a qualitative and a semi-quantitative picture of a microbial community without
the need to isolate and culture its single components (Camu et al., 2007).

The general strategy for genetic fingerprinting of microbial communities using the
DGGE technique consists of the extraction of nucleic acids (DNA and RNA),
amplification by PCR and the analysis of the PCR products (Muyzer, 1999). The
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incorporation of a 40 base-pair GC-rich clamp in the 5’ end of the forward primer is
necessary for the optimal resolution of the fragments in the denaturing gradient of the
DGGE gel (Muyzer et al., 1993). Specific primers can be designed for specific
groups of microorganisms, for example, eubacteria, fungi, archae, sulphate-reducing
bacteria and methanotrophic bacteria. The design of primers targeting exact groups
has, however, proved difficult as there are deficiencies in most primer sets (Winding
et al., 2005).

The separation of the different DGGE bands depends on the melting behaviour of the
PCR products and not on the size of the nucleotide fragment (Muller et al., 2001).
Separation of DNA fragments in DGGE is based on the decreased electrophoretic
mobility of partially melted double stranded DNA molecules in polyacrylamide gels
(Muyzer et al., 1993). The polyacrylamide gels contain a linear gradient of DNA
denaturants (a mix of urea and formamide) (Muyzer, 1999). The denaturation of the
DNA proceeds in discrete melting domains, which are stretches of base pairs with an
identical melting temperature (Muyzer ef al., 1993). Upon the domain with the lowest
melting temperature reaching its melting temperature, a transition from a helical to
partially melted DNA molecule occurs, and the migration of the molecule stops
(Muyzer et al,, 1993). Differences in the sequences of these domains cause the
melting temperatures to differ (Muyzer et al., 1993). Dar et al (2007) found that DNA
samples that had the same sequences had a similar melting behaviour. The
limitation of this method concerns species co-migrations because despite sequence
differences, the melting temperatures of co-migrated V3 fragments of 16S rRNA
genes are similar and they, therefore, migrate at the same position in denaturing gels
(El-Baradei et al., 2007).

The number of DNA derived bands relates to the presence of bacterial populations
that are above the detection limit of DGGE, while the RNA derived bands reflect the
predominantly active populations (Dar ef al., 2007). Camu et al. (2007) states that
the detection limit of PCR-DGGE is generally between 4 and 6 log colony forming
units per gram or higher depending on the bacteria investigated. This technique is
able to detect more than 90% of the most numerous species of a community without
discriminating living cells from cells in a viable but not cultivable state (Camu ef al.,
2007). The technique is capable of differentiating between two DNA fragments of the
- same length that differ by base pair sequences or even by a single base pair
(Sheffield et al., 1989; Kawai et al., 2002). |t is reliable, reproducible, rapid and
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relatively inexpensive (Muyzer, 1999). The technique also has the added advantage
of the possibility of identifying community members by the sequencing of excised
bands or by hybridisation analysis with specific probes, which is not possible with
other fingerprinting techniques, except temperature gradient gel electrophoresis
(Muyzer, 1999).

Denaturing gradient gel electrophoresis is a powerful tool to discern changes in
microbial community structure in a variety of habitats (Sievert ef al., 1998). The
method can be used in the simultaneous analysis of muitiple samples, allowing the
monitoring of complex microbial community dynamics due to seasonal fiuctuations or
other environmental perturbations (Muyzer, 1999). This method has been used to
study microbial community diversity in soil (Kozdroj and van Elsas, 2001), drinking
water (Fonseca et al., 2001), sediments (Spring et al., 2000), hydrothermal vents
(Brinkhoff et al., 1999), saline and hypersaline lakes (Foti et al., 2007), bioreactors
(Ahn et al., 2007; Dar et al., 2007), fermentation processes and products (Camu et
al., 2007; El-Baradei et al., 2007), to assess the impact of pollutants (Kozdroj and van
Elsas, 2001; Muller ef al., 2001), and other diverse environments.

The preceding paragraph has indicated the successful and widespread use of this
technique in determining the effects of various conditions on microbial community
dynamics. This procedure has made it possible to identify the presence and relative
abundance of different species and thus, to profile microbial populations in both a
qualitative and a semi-quantitative manner (Muyzer et al., 1993).

2.8 CONCLUSION

The global and South African future outlook on water is bleak if efforts to explore non-
structural alternatives to water supply are not widely encouraged. These alternatives
include efficiency improvement, demand management and wastewater reuse.
Several South African companies, including Sasol, have started reusing their
effluents and waste water in a bid to achieve lower or zero effluent discharge
scenarios. The use of industrial effluents as cooling water would enhance the water
conservation measures by reducing the volume of raw water intake, as well as
reducing the volume of final effluent water that is released. The disadvantages for
the use of industrial effluents as cooling water include microbial and abiotic fouling,
scaling and corrosion, which cost industry millions to control. These are affected by
pH, COC and FV.
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Conventional microbiological methodology has been applied in investigating the
bacteria in industrial water systems. These methods are, however, limited in their
ability accurately detect bacterial numbers, function and structure in situ. Due to the
limitations of conventional microbiological techniques, several biochemical assays
have been developed for the detection of specific microorganisms associated with
biofouling and MIC (Little et al., 1898). These techniques include the analysis of the
microbial community structure using PLFA and DGGE analysis. Industry would
benefit significantly from the use of these techniques, instead of the traditional
techniques due to the advantages these techniques offer over the conventional
techniques.

The aim of this study was, therefore, to evaluate the effects of COC, pH and FV on
the rates of fouling, scaling and corrosion as well as on the microbial community
dynamics in cooling towers using SGL as process cooling water. The objectives of
this study were to:

i. Optimise the selective extraction of hydrocarbons from SGL so as to eliminate
the interference of hydrocarbons with PLFA analysis,

ii. Determine the similarity or dissimilarity of two cooling towers in terms of the
fouling, scaling and corrosion rates as well as microbial community structure
when these were operated under similar operational conditions,

iii. Determine the effects of pH, COC and FV on the rates of fouling, scaling and
corrosion of mild steel, as well as the structural diversity of the microbial
communities in both the planktonic and sessile phases using a 2% multi-
factorial experimental design.
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CHAPTER 3: OPTIMISATION OF THE SELECTIVE EXTRACTION OF
HYDROCARBONS IN SGL DURING LIPID EXTRACTION

3.1 INTRODUCTION

The phospholipid fatty acids of microorganisms occur only in the membranes of living
cells and have a short turnover time (Palojarvi et al., 1997). When bacteria are
cultured under standardised conditions, they maintain a constant fatty acid
composition, which is specific for a genus or even a species (Keweloh and Heipieper,
1996). Phospholipid fatty acid (PLFA) analysis has an advantage over other
procedures because specific fatty acids are specific to bacteria (Gillian and Hogg,
1984; Pennanen et al., 1998). Phospholipid fatty acids can therefore be considered
as a fingerprint for microbial communities (Peterson and Klug, 1994). Temina et al.
(2007) found that the fatty acid compositions of Nostoc spp. were affected by
environmental conditions. This technique is, therefore, capable of discerning
changes in microbial communities due to environmental conditions. Details of this
aspect have been discussed in Section 2.7.2.

The effluent from the coal-gasification process, as used by Sasol, can contain more
than 3000 mg/L of organic chemicals (Yang et al., 2008). Phenolics account for 80%
of the total COD in these waters (Zhang et al., 1998). Stripped gas liquor (SGL) is a
waste water stream from the coal gasification process obtained after gravimetric
separation of tar products, solvent extraction of phenolics and steam stripping of
ammonia from the condensate stream (van Nierop et al, 2000). Even after the
solvent extraction of phenols a significant amount still remains in SGL. Since large
volumes (60 ML/d) of SGL are produced by Sasol on a daily basis, the SGL has a
potential to be used as process cooling water.

The method for PLFA analysis requires the extraction of lipids, their fractionation,
methylation and quantitative gas chromatography-mass spectrometry (GC-MS)
analysis (White et al., 1996b). The use of SGL as cooling water poses problems for
the analysis of the structural diversity of microbial communities using PLFAs because
it contains hydrocarbons. Hydrocarbons and cholesterol have been found to interfere
with GC-MS analysis of PLFA prepared from complex biological samples (Nightingale
et al., 1999; Ali and Cole, 2001). For the abundant fatty acids, including 16:0, 18:0,
18:1n-9, 18:2n-6 and 20:4n-6, standard GC methods are fully adequate, but for fatty
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acids present at 1% or less of total cellular fatty acids, or for late-eluting fatty acids,
alternative methods may be needed (Nightingale et al., 1999). It was, therefore,
important to be able to selectively remove these hydrocarbons from SGL since this is
the medium in which the micro-organisms that were to be characterised were present
in.

The aim of this part of the study was o optimise the lipid extraction procedure to
minimise the co-extraction of unwanted hydrocarbons. The objectives of this chapter
were to:
i. Determine the effects of selective extraction of hydrocarbons before and after
silicic acid fractionation on GC-MS analysis,
ii. Statistically analyse the PLFA data from the two selective extraction procedures
to select the appropriate one.

3.2 MATERIALS AND METHODS

3.2.1 Glassware Preparation
All glassware and Teflon-lined caps were washed with phosphate free detergent and

rinsed with distilled water. Clean glassware was wrapped in foil and baked at 450°C
for at least 4 hours. Caps were rinsed with chloroform and methanol and allowed to
dry at room temperature before use.

3.2.2 Sample Preparation

The experiment was conducted as illustrated in Figure 3.1. A freeze-dried culture of
Pseudomonas aeruginosa (ATCC 15442) was cultured in 100 ml nutrient broth and
incubated at 35°C and 200 rpm. After 18 hours 25 ml of the bacterial suspension
was sub-cultured into 250 ml nutrient broth and incubated as above.

The following steps were performed in triplicate (Figure 3.1). Twenty five millilitres of
the bacterial suspension was aseptically transferred into three sterile 50 ml glass
centrifuge tubes. Then 25 ml of SGL was added to the triplicates marked (A) and (B)
and 25 ml saline solution (0.85% m/v NaCl) was added to the triplicates marked (C),
respectively. These samples were then immediately subjected to PLFA analysis.
Triplicates marked (A) were used for the selective extraction of hydrocarbons from
the lipid sample after silicic acid fractionation. Triplicates marked (B) were used for
the selective extraction of hydrocarbons from the lipid sample before silicic acid
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fractionation. Triplicates marked (C) were used as the control and no selective
extraction of hydrocarbons was conducted on it (Figure 3.1).

250 ml Pseudomonas aeruginosa
(ATCC 14552) in nutrient broth

Transfer 25 ml bacterial
suspension

(A)
25 ml saline
solution
[_Total Lipid extraction 1 F)tal Lipid extractionT [ Total Lipid extraction
Lipid fractionationT Selective extraction of !

hvdrocarbons — ) .
l LLiprd fractionation 1

Selective extraction of Livid fractionati
hydrocarbons L 'prd fractiona 'OnT
Methylation and Methytation and
GC analysis GC analysis

Figure 5. Schematic representation of the experimental set-up for the evaluation of

Methylation and
GC analysis

the selective extraction of hydrocarbons (A) after silicic acid fractionation, (B) before
silicic acid fractionation and (C) the control lipid samples that were not selectively
extracted for hydrocarbons.

3.2.3 Microbial Community Structure (PLFA Analysis)

3.2.3.1 Lipid Extraction, Fractionation and Methylation

Total lipid extraction was performed using a Bligh and Dyer (1959) method as
modified by White and Ringelberg (1998). Samples were centrifuged at 2000 rpm for
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30 minutes (Harrier 18/80 refrigerated centrifuge, Sanyo) and the supernatant
discarded. Four millilitres of phosphate buffer (50mM, pH 7.5), 5 ml of chloroform
and 10 ml of methanol were added to the pellets in the centrifuge tubes. The
samples were then sonicated for 2 minutes and vortexed for 30 sec. These were
again centrifuged at 2000 rpom for 30 min. The liquid phase was decanted into clean
red-capped 50 ml centrifuge tubes. Additional 5 ml of chloroferm and 5 ml of nano-
pure water were added to the decanted liquid phase to split the phases. These were
then shaken vigorously, burped and allowed to separate overnight (approximately 18
hours) or until aqueous {(upper) phase was no longer cloudy. The upper phase was

then discarded.

Five millilitres of chloroform was added to the bottom phase, shaken, burped,
vortexed for 30 seconds and centrifuged at 2000 rpm for 15 min. The upper layer
was discarded. Five millilitres of nano-pure H,O was added to the bottom phase,
shaken and allowed to stand for 2 hours for phases to separate. Samples were then
centrifuged at 2000 rpm for 20 minutes and bottom phases were transferred into
glass screw-cap tubes. Lipid samples were then dried under a gentle stream of

nitrogen and stored under nitrogen at —-20°C.

Hydrocarbons were selectively extracted from the total lipid extracts. The (B)
triplicates were used for this step (Figure 3.1). Two millilitres of hexane:chloroform
(4:1) and 2 mi of nano-pure H,O were added to the glass tubes with the dried lipid
samples. The samples were then vortexed for 5 seconds and centrifuged at 2000
rpm for 20 minutes. The organic upper phase was recovered and transferred to other
glass tubes. This step was repeated twice for a total recovered volume of 6 ml. Lipid
samples were then dried under a gentle stream of nitrogen and stored under nitrogen

at —20°C until silicic acid fractionation.

The extracted lipid samples were fractionated into neutral lipids, glycolipids, and polar
lipids by silicic acid column chromatography (Guckert et al.,, 1985). Pasteur pipettes
were packed with glass wool and baked at 450°C. Pre-weighed silicic acid was
activated by dehydration at 100°C for at least 1 hour. Five hundred milligrams of the
silicic acid was suspended in chioroform and packed into Pasteur pipettes plugged
with glass wool. Silicic acid columns were then flushed with 5 ml of acetone and 5 ml
of chloroferm, respectively. The lipid sample was then re-dissolved in 100 pi of

chloroform and transferred to the silicic acid column. This step was repeated three
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times to make sure that all the lipid sample was transferred onto the silicic acid
column. The neutral fatty acid fraction, the glycolipids and the phospholipids were
eluted into 15 ml glass screw-cap tubes with 5 ml of chloroform, 5 mi of acetone and
10 mi of methanol, respectively. Lipid fractions were then dried under a gentle

tream of nitrogen and stored under nitrogen at —20°C.

Phospholipids from the (A) triplicates were re-extracted with a selective extraction
step to remove any hydrocarbons from the extract (Figure 3.1). The samples were
dissolved in 2 ml of 1M KOH and heated for an hour at 100°C to form salts of the
fatty acids. Samples were then extracted three times with 2 ml of hexane to extract
the contaminants and leave the PLFAs behind. pH was decreased to approximately
2.0 by the addition of 0.24 ml of concentrated HCI thereby hydrolyzing the salts.
These were then heated for 6 hours at 100°C. Phospholipids were then extracted in
2 ml chloroform and dried under a gentle stream of nitrogen and stored under
nitrogen at —20°C.

Phospholipids from the (A), (B) and (C) triplicates were trans-esterified to fatty acid
methyl esters by a mild alkaiine methanolysis procedure (Figure 3.1) according to
Guckert ef al. (1985). Five hundred microliters of chloroform, 0.5 ml of methanol and
1 ml of methanolic KOH (0.28 g KOH in 25 ml methanol), respectively, were added to
the glass screw-cap tubes containing the phospholipid fractions. The sample was
then vortexed for 30 seconds, incubated at 60°C for 30 minutes and then allowed to
cool. Two millilitres of hexane, 200 pl of glacial acetic acid (1N) and 2 ml| of H,O
(nano-pure) were added to the sample, respectively. The sample was then again
vortexed, centrifuged at 2000 rpm for 5 minutes and the upper organic phase
transferred into another glass screw-cap tube. The bottom phase was further
extracted, three times, by adding 2 ml of hexane, vortexing for 30 seconds and
centrifuging at 2000 rpm for 5 minutes. The {op phase was always transferred into
ine glass screw-cap tube with the organic phase. The organic phase was then dried
under a gentle stream of nitrogen, re-dissolved in an internal standard, transferred

into a GC vial before GC analysis.

3.2.3.2 GC Conditions

The methylated samples were analysed using a Hewlett Packard 6890 1I Plus gas
chromatograph equipped with a Hewlett Packard 7683 injector, a Hewlett Packard

7683 auto sampler, a flame ionisation detector and a J&W Scientific DB-1 column (30
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m x 0,25 mm x 25 um). The initial temperature of 60°C, increased at a rate of 20°C
per minute to 150°C where it remained constant for 4 minutes. The temperature was
then ramped up to 230°C at 7°C per minute and kept constant at 230°C for 2
minutes. Then the temperature was again ramped up to 300°C at 10°C per minute
and kept constant at 300°C for 3 minutes. Samples were injected in split-less mode.
The inlet and detector temperatures were 230°C and 300°C, respectively. Helium
was used as the carrier gas at a flow rate of 1 ml min”'. Data was integrated using
the HP Chem Station (Rev. A.07.02 682) software. Methyl nonadecanoate (C19:0)
was used as internal standard and the concentration of PLFAs expressed as

equivalent peak area response to the internal standard.

3.2.3.3 Statistical analysis

Data obtained from GC-MS analysis was separated (A), (B), and (C) triplicates
according to the preceding analysis (Figure 3.1) and entered into an Excel
spreadsheet. The arcsine square root transformation was applied to mole percent
PLFA data. Lipid profiles of the different experiments, indicating microbial community
structure, were represented as bar graphs. Different samples were compared to
each other, based on lipid classes using the Tukey Test in Statistica 6.0 (Statsoft,
inc., Tulsa, OK) and box and whisker plots of the results were generated with a 95%
confidence limit. Additionally hierarchical cluster analysis was performed from the

transformed PLFA data using Ward’s method with Euclidean distances.

3.3 RESULTS AND DISCUSSION

After GC analysis of the lipid samples, chromatograms were obtained (Figure 3.2).
Upon examination of these chromatograms it was evident that PLFA profiles of the
(B) samptes (Figure 3.2 (B)) were similar to those of the (C) samples (Figure 3.2 (C)).
Figure 3.2 clearly illustrates that chromatograms from (B) and (C) were similar, while
(A) was different from the other two. The major peaks (retention times 9 to 25
minutes) in (C) and (B) are also found in (A). However in the latter case they are
very small. The (A} samples still contained a considerable amount of hydrocarbons,
as can be seen in the retention times above 27 minutes (Figure 3.2). Poerschmann
et al. (2007) found that nC,—nCs, alkanes were indicative of petroleum hydrocarbon

contamination.
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Figure 3.3 aiso clearly illustrates that the lipid group structures from (B) and (C) were
similar, while (A) was different from the other two. Terminally branched saturated
fatty acids, indicative of Gram positive bacteria (Zelles, 1999), and poly-unsaturated
(polyenoic) fatty acids, indicative of microeukaryotes (Villanueva et al., 2004), were
present in high concentrations in the (A) samples. Their concentrations were greatly
reduced in the (B) and (C) samples. The high concentration of these fatty acids in
the (A) samples can be attributed to the hydrocarbons found in SGL that were not
selectively extracted and therefore methylated with the sample. This could lead to
the resuits being improperly construed to imply an increase in Gram positive bacteria

and fungi in a microbial community due to the presence of hydrocarbons.

Relative Fractional Proportion of Pl'gsphoiipid Fatt;Ac_ids

Mol% of Lipid Fractions
C.00 10.00 20.00 30.06 40.00 50.00 60.00 70.00 80.00 90.00 100.00

z

|
|

p=3
N

o
%]

'@ Saturated D—Terminally Branched B Monoenoic [ ] Poiyenoic

Figure 7. Proportions of the major lipid groups obtained from the (A), (B) and (C)
samples.

To statistically verify the similarities and dissimilarities the lipid data was subjected to
the Tukey Test and box and whisker plots (p<0.05) of the results were plotted (Figure
8). Any overlap between the box and whiskers means that there is no significant
statistical difference between the particular data points. Upon examination of the box
and whisker plots it is evident that (B) and (C) were similar, while (A) was different
from the other two in terms of their normal saturated, monoenoic, polyenoic and
terminally branched saturated fatty acids.
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A dendogram (UPGA with Euclidian distances) of the PLFA data was constructed
(Error! Reference source not found.). The dendogram also clearly illustrates that
(B) and (C) were similar, while (A) was different from the other two. This confirms
what was seen in Figures 3.2, 3.3 and 3.4

Tree Diagram for 9 Variables
Unmeighted pair-group average
Euclidean distances
Ad
A2
iy
B1
Bz:l
c2
1
c3
B3
o 10 20 30 40 80
Linkage Distance J

Figure 8. Dendogram of the lipid data illustrating the grouping of the (A), (B) and (C)
samples.

Fang and Findlay (1996) used hexane to elute polycyclic aromatic hydrocarbons from
the silicic acid column, but the phospholipid fraction still required further purification.
The method used in this study for the selective extraction of the (B) samples did not
require any further purification of the PLFA samples. Ringelberg et al. (2007) used
methylene chloride to elute petroleum hydrocarbons from the silicic acid column.
They found a2 significant positive correlation between microbial biomass and
petroleumn hydrocarbon concentrations. They attributed this to the petroleum
hydrocarbons resulting in increased microbial growth. Aries et al. (2001) conducted
an experiment, similar to the cne in this study, where they compared the PLFA
composition of a bacterial community grown in an ammonium acetate medium and in
a Blend Arabian Light petroleum medium. They also noted differences in PLFA
composition in response to petroleum hydrocarbons. They atiributed the change in

PLFA composition to the effects of hydrocarbons on the microbial community
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structure. The bacterial culture in this experiment was, however, subjected to lipid
extraction immediately after the addition of SGL and not allowed to grow in the SGL
medium. it is, therefore, clear that the change in PLFA composition seen in this
experiment was due to the inadequate selective extraction of the hydrocarbons

present in SGL.

3.4 CONCLUSION

In this chapter the effects of selective extraction of hydrocarbons before and after
silicic acid fractionation on GC-MS analysis were determined. The PLFA data from
the two selective extraction procedures was statistically analysed. The
chromatograms, community structures, box and whisker plots and dendograms
clearly indicated the impact of contaminant hydrocarbons on the analysis of microbial
community structure by PLFA analysis. The method used to selectively extract
hydrocarbons before silicic acid fractionation was determined to be appropriate

method to use going forward.

The aim of this part of the study, to optimise the lipid extraction procedure to

minimise the co-extraction of unwanted hydrocarbons, was therefore, achieved.
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CHAPTER 4: DETERMINATION OF THE SIMILARITY OR
DISSIMILARITY OF TWO COOLING TOWERS IN TERMS OF
PHYSICO-CHEMICAL PROPERTIES AND MICROBIAL COMMUNITY
STRUCTURE

4.1 INTRODUCTION

A cooling water system consists of a cooling tower, a pumping system and a network
of heat exchangers (Figure 2.2; Picon-Nunez ef al., 2007). Cooling towers are used
to reject waste heat. The towers are designed to cool a warm water stream through
evaporation of some of the water into an air stream (Qureshi and Zibair, 2006).
There are, however, inherent problems associated with the operation of cooling
towers using SGL. These problems include fouling, both biological (biofouling) and
non-biological (sedimentation), scaling and microbially and chemically induced

corrosion of the cooling tower sump, packing material and heat exchanger tubing.

The factors that affect the degree of fouling, scaling and corrosion include make-up
water composition, ion concentration, temperature, cycles of concentration (COC),
fluid velocity (FV) and pH (IWS, 1994; de Almeida et al., 1897). The composition of
the make-up water contributes to the fouling and scaling of cooling water systems
due the amount of chemical compounds it contains. Hard waters, for example, are
scale forming and less corrosive (de Almeida ef al.,, 1997; Rakanta et al., 2007). A
lower pH generally leads o increased solubility of salts and metals and therefore a
reduced scaling potential but also an increased corrosion potential (IWS, 1994;
Rakanta et al, 2007). Recirculation of water in cooling towers results in the
concentration of dissolved and suspended substances due to evaporation. Cycles of
concentration is the ratio of dissolved salt concentration in the circulating water
relative to dissolved salt concentration in make-up water. An increase in COC
promotes scale formation, biofouling, macro fouling of the system and eventually
microbially induced corrasion (MIC) (Cloete ef al., 1994; de Almeida et al., 1997).
Make up water must be added to replace the water that is lost via evaporation and
bleeding (blow down) is required to prevent excessive concentration of dissolved and
suspended solids in the cooling water (Garrett-Price et al., 1985). As hard water is
heated, its solubility changes resulting in scale formation on heat exchangers. This
happens in the case of calcium and magnesium carbonates that exhibit inverse
solubility behaviour with temperature (Kim ef al., 2001; Picon-Nunez ef al, 2007).

Low FV may provide stagnant areas that enhance biofilm formation and the
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precipitation of organic and inorganic contaminants from the circulating water (IWS,
1994). The corrosion rate of metals in cooling towers can be increased by dissolved
oxygen. An increased flow rate increases the oxygen access to the surface, thereby,
promoting corresion (WS, 1994: Rakanta et a/., 2007).

In cooling water systems microbial growth could be very high due to the presence of
nutrients, exposure to sunlight, favourable temperatures ranging from 30°C to 60°C,
a pH range of 6 to 9, good aeration and a continuous source of bacteria from makeup
water and ambient air (Chourday, 1998, Ludensky, 2003}. Microorganisms in the
cooling water systems attach to the surfaces of water systems and this leads to the
formation of biofilms that are responsible for biofouling and MIC (Santegoeds ef al.,
1998, Wolfaardt and Cloete, 1992). Microorganisms can modify the near-surface
environmental chemistry by microbial metabolism and may interfere with
electrochemical processes occurring at the metal-environment interface, promoting
localised corrosion and affecting all types of metals (Chourday, 1998; Angell, 1999;
Chen et a/,, 2007). It is important to monitor biofouling in relation to scaling and
corrosion as inter-relationships exist. The products of scale and corrosion may
provide an ideal habitat for the growth of bacteria, and bacteria could be the major
cause for corrosion (IWS, 19894).

Each of the experimental runs to be conducted using the cooling towers were
envisaged to last at least 6 weeks and 8 experiments had to be carried out in the
next chapter. Due to time constraints it was necessary to determine whether the
operation of multiple cooling towers under similar operational conditions would yield
simifar results. This would allow the use of two cooling towers in parallel, testing
different operational conditions with any differences in results reflecting the effects of

operational conditions and not differences in the cooling towers themselves.

The aim of this chapter was to determine the similarity or dissimilarity of two cooling
towers in terms of the fouling, scaling and corrosion rates as well as microbial
community structure when these were operated under similar operational conditions.
The objectives of this chapter were to:

i. Determine the rates of fouling, scaling and corrosion of twe cooling towers

operated under identical conditions,
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ii. Determine microbial community structure by phospholipid fatty acid (PLFA)
analysis and scanning electron microscopy (SEM) of two cooling towers
operated under identical conditions,

lii. Statistically analyse the data to determine similarity or dissimilarity of the two

cooling towers.

4.2 MATERIALS AND METHODS

4.21 Cooling Tower Design and Operation

Two cooling towers were used in the experiment (Error! Reference source not
found.). The cooling towers were made of perspex and the tubing was PVC with an
internal diameter of 18mm. Packing material was polypropylene 25mm Pall V-rings
with a surface area of 1m® each (Mass and Heat Transfer Technology (Pty) Ltd,
Roodeport, South Africa). Cooling air was supplied by a 115 kw fan on the side of
the cooling tower sump. The cooling towers were fed with stripped gas liquor (SGL),
whose volume in the cooling towers was controlled by two volume level probes.
Total cooling tower volumes were maintained between 8L and 10.44L. Sump
volumes were maintained between 5.34L and 7.66L. The cooling towers were fitted

with three mild steel corrosion coupons and four microscope slides each.

Biocell
= : =il T=
Corrosion
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. ; e
M~ Microscope
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U A exchanger
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Figure 10. Schematic representation of the cooling towers.
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Two lab-scale cooling towers were operated under similar conditions with SGL as
make-up water. The two lab-scale cooling towers were operated with a FV of 1,5
m/s, a AT of 10°C (temperature difference between water exiting the heat exchanger
and water in the sump), a pH of 9 in the feed (maintzined with 25% NH,OH), a sump
temperature not exceeding 35°C and 13 COC (using fluoride as an indicator).
Microscope slides and mild steel AguaCorr™ probes were used for scanning electron
microscopy (Section 4.2.3). The experimental period was a total of 59 days. The
first 21 days were for acclimatisation, after which biocells (Mechanical Engineering
Department, North West University, South Africa), mild steel corrosion coupons and
mild steel heat exchanger tubing were inserted. After a further of 21 days of
operation the mild steel corrasion coupons were replaced with a second set of mild
steel corrosion coupons.  Seventeen days later the corrosion coupons, heat
exchanger tubing and biocells were removed and analysed accordingly. The rates of
fouling, scaling and corrosion were determined from the corrosion coupons and heat
exchanger tubing (Section 4.2.4). The biofilm obtained from the biocells was used for
microbial community structure analysis using PLFA (Section 4.2.5).

4.2.2 Physico-Chemical Analyses

Several physico-chemical parameters were measured daily during the study. These
parameters were fluoride concentration, conductivity, pH, sump temperature, A T,
corrosion rate (mmfyear), chemical oxygen demand (COD) and total suspended
solids (TSS). Fluoride, conductivity, pH, sump temperature and the AT were all
determined with the use of specific probes (WTW, Germany). Chemical oxygen
demand was determined spectrophotometrically using Spectroguant, Nova 60 (APHA
et al., 1985; Merck, Darmstadt, Germany). Corrosion rate was determined with the
AquaCorr™ system (Rohrback Cosasco Systems, USA). Total suspended solids
were determined gravimetrically with a Whatman GF/A filter paper (110 mm
diameter) (APHA et al, 13885). Cycles of concentration were determined by
conductivity and fluoride concentration. The COC were determined according to the

equation:

Conductivity or Fluoride in sump water
Conductivity or Fluoride in make up water

Cycles of concentration =

Other parameters were determined three times a week. These parameters were
ammonia, calcium, iron, phenol and volatile fatty acids. Ammonia was determined

spectrophotometrically using Spectrogquant, Nova 60 (APHA ef al., 1985, Merck,
42



Darmstadt, Germany). Calcium and total iron concentrations in the bulk liquid were
determined by atomic absorption. Volatile fatty acids were determined by steam
distillation and subsequent titration. Phenol was determined by Sasol R&D,
Sasolburg.

4.2.3 Electron Microscopy

The microscope slides from the cooling towers were subjected to electron
microscopy according to Tiedt et al. (1999). Biofilms on the microscope slides were
fixed in 70% ethanol, processed through an acetone series (70%, 80%, 90%, 100%
and 100%) and critical point dried with liquid CO,. The samples were then carbon
coated and analysed using an FEI Quanta 200 ESEM.

4.2.4 Fouling, Scaling and Corrosion

Fouling, scaling and corrosion rates were determined from the corrosion coupons
and the heat exchanger tubing using a modified ASTM method as optimised by Sasol
Research and Development, Sasolburg (ASTM, 1999). Corrosion coupons, heat
exchanger tubing and U-bends were rinsed with acetone to remove any oil and
grease from the surface and then weighed before being used in the cooling towers.
Heat exchanger tubing and corrosion coupons were dried at 105°C, for 2 hours and
24 hours respectively, and weighed to determine fouling. The corrosion coupons and
heat exchanger tubing were then washed in 10% NaOH for 3 minutes, dried at 105°C
and weighed to determine scaling. They were then washed in inhibited hydrochloric
acid for a maximum of 25 minutes, dried at 105°C and weighed to determine
corrosion. The rates of fouling, scaling and corrosion were determined by weight loss
measurement. Fouling and scaling rates were expressed as weight per unit area per
unit time (mg/dm?/d). The corrosion rate was expressed as depth of penetration per

unit time {(mm/y).

Results obtained were subjected to parametric and non-parametric statistical
analyses using Statistica 6.0 (Statsoft, Inc.). Parametric and non-parametric data
were subjected to Tukey's honest significant difference test (HSD), breakdown
analysis of variance (ANOVA) and one way ANOVA. Results of these were plotted in

box and whisker plots.
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4.2.5 Microbial Community Structure (PLFA Analysis)

The biofilm samples obtained from the biocells in the cooling towers were subjected
to total lipid extraction, fractionation and methylation as described in Section 3.2.3.1.
The optimised selective extraction method was used. Gas chromatography analysis

was performed as in Section 3.2.3.2.

4.3 RESULTS AND DISCUSSION

4.3.1 Physico-Chemical Analyses

The COC were calculated from fluoride concentration and conductivity. From the
results (Figure 4.2) it is evident that the COC determined in terms of fluoride are
always higher than when determined using conductivity. The two parameters were
on average parallel to each other. Once the cooling towers were stable the COC
remained relatively constant at approximately 13 and 9 for fluoride and conductivity,
respectively. Conductivity is normally used for the determination of the COC but the
disadvantage is that it is can be affected by pH. An increase in pH results in the
precipitation of dissolved mineral ions whereas a reduction in pH would result in the
re-suspension of precipitated minerai ions (IWS, 1994). Kim et al. (2001) also found
a difference between the COC values determined by conductivity and obtained from
mass balance determination. They atiributed the difference to the precipitation of
dissolved mineral ions in water. Lee and Cho (2002) determined the cycle of

concentration using the chloride concentration as it was not affected by their process.

The pH in the feed was maintained at approximately 9.5 and this resulted in the pH in
the cooling towers stabilising at approximately 7 (Figure 4.3). The drop in pH could
possibly due to the volatilisation of the ammonia used to adjust the pH as it is cycled
through the cooling towers (APHA, 1985). The cooling towers were operated at 31-
35°C and large amounts of air were biown through the SGL. Another possibility for
the drop in pH would be the nitrification of the NH,OH by the microbial community in
the cooling towers resulting in the formation of NO;” and NOy". Nitrates and nitrites
were not monitored during this experiment and would have to be determined in future
studies so as to determine to what extent each of these phenomena affected the

drop in pH.
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Figure 11. Cycles of concentration based on fluoride concentration and conductivity.
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Figure 12. pH values in make-up water and sump water.

The sump temperature remained below 35°C at a AT of 10 for the first 28 days after
which an increase was observed (Figure 4.4). This increase in the sump temperature
was more profound in cooling tower 1. On day 30 the skin temperature (the
temperature of the aluminium heating block in the heat exchanger) was decreased so
as to lower the sump water temperature. This resulted in a drop not only in the sump
temperature but also in the AT. The packing material was then rinsed in tap water
and that resulted in a decrease in the sump temperature and at the same time
maintained a AT of 10. Qureshi and Zibair (2006) also observed that the fouling of
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the packing material interferes with air and water flow through the tower resulting in a

reduction in the overall thermal effectiveness of the tower.

The AT of the cooling towers was maintained at 10°C and it remained relatively
stable for the first 42 days after which fluctuations were observed. The fluctuations
were mainly due to the fact that the flow in the cooling towers kept dropping and did
not remain stable. Unstable flow can be attributed to fouled heat exchanger tubing
since fouling results in increased fluid frictional resistance (Cloete ef al., 1996).
Rosmaninho et al. (2008) found that when the flow rate is kept constant, the
presence of a deposit on the surface of a channel tends to increase the pressure
drop due to the deposit roughness. Kim ef al. (2001) also found that the flow rate of
the circulating water decreased by up to 50% due to scale formation in the heat
exchanger surfaces in their cooling tower test unit after as little as 100 to 200 hours.

gump Wateﬁ'emperatﬁe and Delta T

40 S

35

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Days —+—R1Delta T —+—R2 Delta T —+— R1 Sump —=— R2 Sump

Figure 13. Sump water temperature and delta T (AT).

Within the first 5 days there was a sudden 7-fold increase and drop in iron
concentration and corrosion rate as measured using the AquaCorr™ system (Figure
4.5). Though initially high, the corrosion rate dropped due to an accumulation of a
protective fouling layer on the metal surface. A fouling layer may have protected the
heat exchanger tubes from corrosion by the SGL flowing through them in the heat
exchangers (lverson, 1987). The fouling layer also probably absorbed the iron, not
allowing it to go into the bulk liquid and, therefore, could not be measured. The

decreasing corrosion rate and iron concentration could, therefore, be attributed to an
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increasing fouling layer. This fouling layer may have resutted in the formation of
anaerobic conditions next to the metal surface (Gaylarde and Morton, 1997). These
anaerobic conditions favour the proliferation of anaerobic microorganisms, including
sulphate reducing bacteria, which have been implicated in the corrosion of metals
(Hamilton, 1985; Beech et al., 1998; Choudhary, 1998).

Corrosion Rate and Iron Concentration in Sump Water
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Figure 14. Corrosion rates as measured using the AquaCorr system and iron

concentration in sump water.

4.3.2 Electron Microscopy

Scanning electron microscopy micrographs of the AquaCorr probes and microscope
slides revealed similarities in microbial community structure between the two cooling
towers (Figure 4.6). The accumulated fouling layer can be seen in the Figure 4.6(a)
micrographs, with 2(a) having a smoother fouling layer. The fouling layer allowed the
formation of crevices in which bacteria accumulated (Figure 4.6b). Figure 4.6(2b)
showed some crystal formation which, possibly, would have resulted in scaling.
These slight differences between the two sets of micrographs could be attributed to
the irregular flow rates experienced towards the end of the experiment possibly due
to fouling. Fouling results in a reduction in the overall effectiveness of the tower by
interfering with air and water flow through the tower resulting in a pressure drop (Kim
et al., 2001; Qureshi and Zibair, 2006).
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4.3.3 Fouling, Scaling and Corrosion

The results obtained from the analysis of the fouling, scaling and corrosion rates of
the corrosion coupons and heat exchanger tubing from cooling towers 1 and 2 are
presented in Appendix A (Table A1). The fouling, scaling and corrosion rate results
were subjected to parametric and non-parametric statistical analyses using Statistica
8.0 (Statsoft, Inc.). Tukey's honest significant difference test (HSD) was used on the
parametric and non-parametric data to determine the statistical significance of
variance between various samples (Appendix A, Table A2). From the results of
Tukey's HSD analysis for both cooling towers it is evident that there was no
significant statistical difference between the corrosion coupons from the two
corrosion coupon phases in terms of fouling, scaling and corrosion. The results from
the Tukey's HSD analysis were plotted in box and whisker plots. Any overlap
between the box and whiskers means that there is no significant statistical difference
between the particular data points. The box and whisker piots confirmed that there
was no significant statistical difference between the corrosion coupons from the two
corrosion coupon phases in terms of fouling, scaling and corrosion for both cooling

towers (Appendix A, Figure A1).

The data for both the 1% and 2™ corrosion coupon phases was combined and
analysed as one for each cooling tower. The data for both the corrosion coupons
and the heat exchanger tubing was then subjected to Tukey's HSD analysis. The
results were again subjected to breakdown and one way ANOVA and plotted in box
and whisker plots (Figure 4.7). There was also no significant statistical difference
between the corrosion coupons from cooling towers 1 and 2 in terms of the fouling
(Figure 4.7a), scaling (Figure 4.7b) and corrosion (Figure 4.7c) rates. There was,
however, a significant statistical difference between the fouling, scaling and corrosion
data for heat exchanger tubing from cooling towers 1 and 2 possibly due to the
instability towards of the experiment, which would have resulted high temperature
variations at the heat exchanger surfaces. Furthermore a significant statistical
difference existed between the heat exchanger tubing and the corrosion coupons in
terms of the fouling and corrosion rates (Figure 4.7). This could be attributed to the
corrosion coupon phases being 21 and 17 days, respectively, while the heat

exchanger tubing were in the system ‘or 38 days.
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Figure 16. Box and whisker plot of the fouling (a), scaling (b) and corrosion (c) rates
in cooling towers 1 and 2, respectively. Coup1 and Coup2 denote the corrosion
coupons from cooling tower 1 and 2, respectively. Tubel and Tube2 denote the heat
exchanger tubing from cooling tower 1 and 2, respectively.



4.3.4 Microbial Community Structure (PLFA Analysis)

The detection of unique lipids can infer the presence of certain groups of
microorganisms. Terminally branched saturated PLFAs are generally considered io
be indicative of Gram positive bacteria (Zelles, 1999). On the other hand,
monounsaturated/monoenoic PLFAs are generally considered to be indicative of
Gram negative bacteria (Wilkinson, 1988).  Saturated PLFAs are generalily
considered to be indicative of all genera, whereas polyenoic PLFAs are generally
considered to be indicative of microeukaryotes (Villanueva et al., 2004).

Figure 4.8 was plotted from the PLFA analysis of the microbial community structure
of the biofilm samples from the biocells. Gram negative bacteria were the most
prominent group of bacteria. Microeukaryotes/fungi were found in concentrations
similar if not slightly higher than Gram positive bacteria. From the figure (Figure 4.8)
it is evident that there was high reproducibility between results of the triplicate
samples obtained from each cooling tower. A similarity between the microbial

community structures present in the two cooling towers was also evident.

Microbial Community Structure (PLFA Analysis)

Relative Lipid Fraction Proportion (moi%)
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.0d

@ Saturated O Terminally Branched B Monoenoic Poiyf-z_mﬁ:I

Figure 17. Proportions of the major lipid groups obtained from triplicate biofim
samples obtained from the biocells in cooling towers 1 and 2, respectively with a, b

and ¢ denoting the triplicates from each cooling tower.
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4.4 CONCLUSIONS

Physico-chemical analysis results confirmed that the twc cooling towers were
operated under identical operational conditions. The physico-chemical analysis
results indicate that 14 days are required ioc reach steady state conditions.
Furthermore the cooling towers cannot be operated continuously for longer than a
total of 42 days, otherwise they become unstable. The rates of fouling, scaling and
corrosion were determined and statistically analysed. There was no significant
statistical difference between cooling towers 1 and 2 within a 85% confidence limit in
terms of the fouling, scaling and corrosion rates of the corrosion coupons. Microbial
community structure was determined by phospholipid fatty acid (PLFA) analysis and
scanning electron microscopy (SEM). The results also showed that the structure of

the microbial communities in the two cooling towers were similar.

The work carried out in this chapter clearly indicates that the two cooling towers were
similar in terms of the fouling, scaling and corrosion rates as well as microbial
community structure when they were operated under similar operational conditions.
This will, therefore, allow the operation of the two cooling towers in parallel under
different operational conditions. Any differences in results will be reflection of the
effects of operafional conditions and not differences in the cooling towers

themselves.
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CHAPTER 5: FOULING, SCALING, CORROSION AND STRUCTURAL
DIVERSITY OF THE MICROBIAL COMMUNITIES IN SGL FED
COOLING TOWERS

5.1 INTRODUCTION

Since large volumes (60 ML/d) of stripped gas liguor (SGL) are produéeci by Sasol on
a daily basis, SGL has a potential to be used as process cooling water. Use of SGL
as cooling water would enhance the water conservation measures at Sasol by
reducing the volume of raw water intake, as well as reducing the volume of final
effluent water that is returned to the Vaal River after bio-treatment (van Nierop et a/,
2000). There are, however, several problems associated with the operation of open
evaporative cooling systems. Microorganisms, scale deposit and corrosion are the
major problems in cooling circuit water system (Congmin et al., 2007). Parameters
that have an influence on the fouling, scaling and corrosion of industrial cooling
towers include pH, COC and FV (iWS, 1994).

Scale formation is affected by pH (WS, 1894). A lower pH generally leads to
increased solubility of salts and, therefore, a reduced scaling potential but a low pH
also leads to increased corrosion rates (WS, 1994, Rakamta et a/,, 2007). lron oxide
containing corrosion products on metal surfaces can adsorb humic substances

thereby stimulating and/or supporting bicfilm development (Butterfield ef al., 2002).

Recirculation and evaporation of the water in cooling towers results in increased
COC due to the concentration of dissolved and suspended substances thereby
promoting scale formation, biofouling, and subsequent macro fouling of the system
and eventually microbially induced corrosion (Cloete et al., 1994). increased COC
may result in scale formation due to the precipitation of salts that have exceeded their
solubility limits (Cloete et al., 1994, de Almeida et al., 1997). Hard waters are less

corrosive but scale forming (Rakanta ef al., 2007).

Low FV may provide stagnant areas that enhance biofilm formation and the
precipitation of arganic and inorganic contaminants from the circulating water (IWS,
1994). Increasing FV is, therefore, helpful to the sloughing of biofiims and the
penetration of disinfectants into biofilms, thus suppressing biofiims formation (Tsai,

2006). On the other hand, an increased flow rate increases the oxygen access to the
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metal surface, thereby increasing the corrosion rate of metals in cooling towers (IWS,
1994; Rakanta ef al., 2007}

Microbial communities have an effect on cooling water systems and, therefore, need
1o be analysed. Conveniional microbiological methods have been applied in
investigating bacteria in industrial water systems (Tanji et al,, 2007). These methods
are, however, not well suited for the detection of microbial community structure in situ
(White ef al, 1896). For a beftter understanding of microbial diversity, other
technigques that are quantitative, maore representative and differentiative are required
(Muyzer, 1999). The analysis of PLFA patierns is an important tool for the
determination of nutritional status, structural diversity, biomass and the effects of
certain disturbances upon the microbial community without relying upon cultivation of
microorganisms (Frostegard and Baath, 1996; White ef al., 1996¢; Smith ef al., 2000;
lbekwe et al, 2007, Temina et al, 2007). Phospholipid fatty acid provides
descriptions of microbial communities based on functional groupings of fatty acid
profiles; however, it does not have the capability to identify microorganisms at the
species or strain levels (Ibekwe et a/., 2007). Denaturing gradient gel electrophoresis
can also determine microbial biodiversity and population dynamics of complex
ecosystems over space and/or time and can detect and identify community members
with high specificity to the species and strain levels (Camu et al., 2007; Ibekwe et al.,
2007). However, DGGE cannot be used to determine bacterial numbers, nutritional
‘status and siress levels experienced by microbial communities like PLFA can.
Combining the two methods would, therefore, be very powerful in determining
microbial community dynamics and has been successfully used previously.
Harnesmaa ef al. (2005) found that the PLFA and DGGE data were in agreement
when they evaluated changes occurring in Scots pine rhizosphere microbial
communities. lbekwe et al. (2007) also found strong agreement between PLFA and
DGGE data in their study of microbial communities in a developing soil ecosystem.
The combined use of these methods would, therefore, give a better understanding of

microbial community dynamics.

Phospholipid fafty acid analysis can be used to quantify biomass. Several
conversion factors have been used in the guantification of biomass using PLFA.
Balkwill ef al. (1988) used a conversion factor of 5.9 x 10'? cells per gram which was
derived from a value of 1 x 108 pmol PLFA/gram of bacterial cells. Kieft ef al. (1994)

used a conversion factor of 5.9 X 10* cells/pmot of PLFA which was derived from an
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average value of 1 x 10% mol of PLFA/gram (dry weight) of cells and 5.9 x 10" cells
per gram (dry weight). Jiang ef al. (2008) used a conversion factor of 2 x 10*
cellsfpmol of PLFA. White et al. (1996d) used 1.4-4 x 10* cells/pmol of PLFA,
whereas Frostegard and Baath (1996) calculated an average value of 1.4 x 107" mol
PLFA/cell. Kieft et al. (1994) found that the numbers they determined by PLFA were
in approximate agreement with direct microscopic counts, but slightly higher. Jiang
et al. (2008), however, found that the numbers they determined by PLFA analysis
were consistently lower than the numbers they determined by acridine orange direct
counting. Conversion factors used in the calculation of bacterial numbers are based
on mean PLFA concentrations for wide ranges of bacteria (Frostegard and Baath,
1996). In the present study it was important to determine the effect of operational
conditions on microbial community dynamics and the choice of conversion factor to
be used was, therefore, insignificant. The same profile would be obtained even
though the bacterial numbers obtained would differ. It is, however, crucial that the

same conversion factor be used throughout this specific study.

An increase in the ratio of cyclopropanoic fatty acids (cyclo/w7¢ ratic) represents a
shift to conditions that slow down the growth rate of bacteria. This ratio ranges from
0.05 (exponential phase) to 2.5 (stationery phase) in Gram negative bacteria
(Vilanueva et al, 2004). The ratios of the trans and cis isomers of the
monounsaturated PLFA 18:1w7 can be used to indicate possible environmental
stress or starvation in microorganisms. A trans/cis ratio greater than 0.1 indicates a
possibility of toxicity or starvation, whereas non-stressed microbial populations have
a ratio of <0.05 (Villanueva et alf, 2004). Bacteria can quickly adapt to toxic
conditions by using trans/cis isomerisation resulting in their membranes being more
stable thus retaining their intraceliular physiological balance (Guckert et al., 1991).

it is possible to quantify different groups of microorganisms by this method, and
individuz.! PLFAs can be related to microbial community structure (Winding et al.,
2005). Terminally branched saturated PLFAs are generally considered to be
indicative of Gram positive bacteria (Zelles, 1998). On the other hand,
monounsaturated/monoenoic PLFAs are generally considered to be indicative of
Gram negative bacteria (Wilkinson, 1988). Saturated PLFAs are generally
considered to be indicative of all genera, whereas polyenoic PLFAs are generally

considered to be indicative of microeukaryotes (Vilanueva ef al., 2004).
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The general strategy for genetic fingerprinting of microbial communities using DGGE
consists of firstly, the extraction of nucleic acids (DNA and RNA), secondly, the
amplification of genes encoding the rRNA, and, thirdly, the analysis of the PCR
products using the DGGE technique (Muyzer, 1999). Separation of DNA fragments
in DGGE is based on the decreased electrophoretic mobility of partially melted
double stranded DNA molecules in polyacrylamide gels, which is decreased
compared to that of the completely helical form of the molecule (Muyzer ef al., 1993).
Polyacrylamide gels contain a linear gradient of DNA denaturants (a mix of urea and
formamide) (Muyzer, 1998). The number of DNA derived bands relates to the
presence of individual species that are above the detection limit of DGGE (Dar ef a/.,
2007). in the fingerprinting of natural bacterial populations 18S rDNA fragments are
used and for fungal populations 18S rDNA fragments are used (Watanabe et al,
2001). It can be assumed that the individual distinguishable bands represent distinct
species, however, these results should be interpreted with some caution because the
possible occurrence of multiple copies of 16S and 18S rDNA genes in individual
species may result in an increased number of phylotypes and therefore an
overestimation of the microbial diversity (Rasmussen and Sorensen, 2001; Jonkers
et al, 2003). Specific primers can be designed for specific groups of
microorganisms, e.g., eubacteria, fungi, archae, sulphate-reducing bacteria,
methanotrophic bacteria, etc.

Species diversity is often used as a measure of environmental health. There are two
parts to diversity: the number of species and the evenness of the distribution. The
assumption is that where there are more species the habitat is more diverse.
Furthermore, an evenly distributed community is more diverse than an unevenly
distributed community with the same number of species (Hedrick et af, 2000).
Microbial communities within contaminated ecosystems are typically less diverse
than those in non-stressed systems (Macnaughton ef al., 1999). Diversity can be
determined by using the Shannon-Weaver diversity index. The advantage of this
index is that it takes into account the number of species and the evenness of the
species. The index is increased either by having more unique species, or by having
greater species evenness. Ampe and Miambi (2000) used the Shannon-Weaver
diversity index to determine the structural biodiversity of DGGE bands found in foods
of different origins. Gafan et al. (2005) used the Shannon-Weaver diversity index to

investigate differences in the microbtota of plaque.
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Due to SGL being a complex medium containing hydrocarbons it would also be
necessary to optimise DNA extraction and DGGE analysis. In Chapter 3 the
selective extraction of hydrocarbons from SGL was successfully optimised. In
Chapter 4 it was determined that the cooling towers had to be operated for
approximately 14 days to reach steady state conditions, but could not be operated
continuously for longer than 42 days, otherwise they become unstable. It was also
determined that the tweo cooling towers were simitar. Results of experiments
conducted on the two cooling towers could, therefore, be compared tc each other
with any differences in resulis being a reflection of only the effects of operational

conditions.

Experimental factorial design aims at limiting the number of experiments normally
required to study the influence of the most impontant factors involved in a given
reaction (Rafiqul et al, 2000). An X-level factorial design for k factors is denoted as
X¥. This means that for a 2° factorial design is used to test three factors (operational
parameters) at two different levels (high and low) resulting in 8 experiments. Casas
et al. (1997) achieved the optimization of a synthetic medium for Candida bombicola
growth by a 2* factorial design. Rafiqul et al. (2000) used a 2° factorial experimental
design for the optimization of the co-liquefaction process of coal and a sugar cane
waste product with respect to oil yield. Perkiomaki et al. (2003) used a 2° factorial
experimental design to assess the effects of moderate amounts of continuous acid
and metal deposition on humus microbial activity and community structure. Aust ef
al. (2008) also used a 2* factorial experimental design to determine the effects of
start temperature for crystallization, cooling rate, heating rate, and elution speed on
the separation guality of temperature-rising elution fractionation using a heterophasic
ethylene/propylene copolymer. The use of factorial experimental design, therefore,

has great potential for the optimization of operational conditions in cooling towers.

The aim of this chapter was, therefore, to investigate the influence of varying pH,
COC and FV on the rates of fouling, scaling and corrosion of mild steel, as well as
the structural diversity of the microbial communities in both the planktonic and sessile
phases using a 2° multi-factorial experimental design. The objectives of this chapter
were to:

i. Determine the effects pH, COC and FV on fouling, scaling and corroston rates

using a 2° multi-factorial experimental design,
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ii. Determine the effects of pH, COC and FV on microbial community structure as
determined by PLFA and DGGE analysis using this 2° multi-factorial

experimental design.

5.2 MATERIAL AND METHODS

5.2.1 2° Multi Factorial Experimental Design

Statistica 6.0 (Statsoft, Inc., Tulsa, OK) was used to generate a 2° multi-factorial
design of the experiments to enable comprehensive statistical analysis of the results
that would be obtained. A randomised 2° factorial design matrix (Appendix B, Table
B1), was obtained from Statistica 6.0 and used to define the experimental setup as
ilustrated in Figure 5.1 below. Experiments were conducted under such conditions.
The 2° factorial experimental design required 8 experiments to be performed to
optimise the operational conditions of cooling towers operated using SGL. The two
cooling towers were operated in parallel for a total of four runs. Experiments 1&2,

3&4, 5&6, and 7&8 were run in parallel using cooling towers 1 and 2, respectively.
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Figure 18. Experimental layout as determined by the randomised 2° factorial design

matrix.

5.2.2 Experimental Setup
The cooling towers used are as described in Section 4.2.1. The cooling towers were

operated with pH values of 6.5 and 7.5 (maintained with concentrated H,SO. and
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25% NH,OH, respectively), FV of 0.6 and 1.2 m/s in the heat exchanger tubing (8mm
D, mild steel), 5 and 15 COC, a AT of 10°C and a sump temperature not exceeding
35°C.

For each experiment the cooling towers were operated for approximately two weeks
to reach steady conditions, after which PVC biocells, mild steel corrosion coupons
and mild steel heat exchanger tubing were inseried. After 14 days the corrosion
coupons were removed ancd analysed. These were immediately replaced with
another set. There were thus two corrosion coupon phases per experiment. Heat

exchanger tubing remained in the heat exchangers for 28 days.

After completion of each experiment the corrosion coupons, heat exchanger tubing
and biocells were removed and analysed accordingly. Based on the results obtained
from the corrosion coupons and the heat exchanger tubing the rates of fouling,
scaling and corrosion were determined. The sump liquid sample and the biofiim
obtained from the biocells were analysed by PLFA and DGGE to determine the

structural diversity of the microbial communities in the cooling towers.

5.2.3 Fouling, Scaling and Corrosion

The rates of fouling, scaling and corrosion were determined as described in Section
4.2.4.

5.2.4 Microbial Community Structure (PLFA Analysis)

The total lipid extraction, selective extraction of hydrocarbons, fractionation,
methylation and gas chromatography mass spectrophotometry analyses were

performed as described in Section 4.2.5.

5.2.4.1 PLFA Data Analysis
Phospholipid fatty acid (PLFA) data was analysed according to Section 3.3.3.3.

Fouling, scaling and corrosion rate data was combined with the PLFA data and
redundancy analysis (RDA) ordination diagrams were plotted using Canoco for
Windows 4.0 (GLW-CPRO).
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5.2.5 Microbial Community Structure (DGGE Analysis)

5.2.5.1 DNA Extraction

Biofilm samples were scraped off biocell sections using a sterile spatula and frozen in
1.5 ml microfuge tubes. These were stored at —80°C until DNA extraction. Fifty
millilitres of the planktonic phase was centrifuged at 4000 rpm in sterile falcon tubes.
The supernatant was discarded and the pellet was frozein and stored at —80°C until
DNA extraction.

Several modifications of the DNA extraction method used by Sambrook et al. (1889)
were evaluated for its ability to provide DNA of a quality and quantity that would be
sufficient for PCR amplification. SGL contains several hydrocarbon substances that
could inhibit PCR. Eventually a method that was adopted from Hillis ef al. (1990) was
used for the DNA extraction. Five hundred microliters of hot 2 x cetyl
trimethylammonium bromide (CTAB) isolation buffer (60°C) was added fo
approximately 250 mg of sessile and planktonic samples (wet weight) in a sterile 1.5
ml microfuge tube. Planktonic samples were obtained by centrifugation of 50 ml of
cooling water at 2000 rpm from the cooling tower sump. This was then incubated in
a 60°C water bath for 45 minutes, centrifuged at 12000 rpm for 5 minutes (MiniSpin
Plus, Eppendorf) and the supernatant transferred to a new sterile 1.5 ml microfuge
tube. An equal volume of hot TE buffered Phenol.Chloroform:lsoamyl (PCI) was
added and the DNA in the sample extracted for 10 minutes at 60°C, centrifuged at
12000 rpm for 5 minutes and the aqueous phase transferred to a new sterile 1.5 ml
microfuge tube. The sample was then re-extracted with an equal volume of TE
Buffered Chloroform:lsoamyl (24:1} for 10 minutes at room temperature, centrifuged
at 12000 rpm for 5 minutes and the aquecus phase transferred to a new sterile 1.5 mi
microfuge tube. One hundred microliters of 5 M NaCl and 1 ml of ice-cold 85 %
molecular grade ethanol were added and the DNA was precipitated at -80°C for 1
hour. After the samples were centrifuged at 12000 rpm at 4°C for 5 minutes, the
supernatant was discarded. The pellet was washed with 1 ml ice-cold 70% ethanol
to remove NaCl, centrifuged at 12000 rpm at 4°C for 5 minutes and the supernatant
discarded. This pellet was dried under vacuum (Dura-Dry™ 4P, FTS Systems, New
York), re-suspended in 25 pl TE buffer, incubated at 37°C for i hour to reconstitute
the DNA and stored at 4°C.

60



DNA concentrations were determined spectrophotometrically according to the
equation:

DNA Concentration = Azgg nm 0btained x 1 Azsoam X dilution factor
Where 1 Agso nm = 50ng/pl DNA (Maniatis ef al., 1989; Kozdroj and van Elsas, 2001).

DNA purity was determined according to the equation:

DNA Purity = Azsonm / Az280nm
A ratio of 1.8 means that the DNA is of good quality, whereas a ratio less than 1.8
means that there is protein contamination and a ratio greater than 1.8 means that

there is RNA contamination (Maniatis ef al., 1989; Kozdroj and van Elsas, 2001).

5.2.5.2 Polymerase Chain Reaction

The PCR reaction was performed with an Omni-E PCR thermocycler (Hybaid). A
number of optimisation reactions were performed to determine the effects of the
addition of BSA, glycerol, additional Tag and MgCl, (Appendix B, Table B). Then a
second set of optimisation reactions was done to determine the optimum MgCl;
concentration to be added (Appendix B, Table B). The optimised reaction volumes
were a total of 25 ul containing 12.5 ul of PCR Master Mix (Roche Diagnostics), 1U of
Super-Therm Tagq (JMR Holdings, UK), 4mM of MgCl;, 50 ng of BSA, 50 pmol of
primer pair and 10 ng of DNA preparation.

The primer pair GMSF (6'-CCT ACG GGA GGC AGC AG-3) - 807R (5-CCG TCA
ATT CCT TTG AGT TT-3’) was used to amplify the 16S rDNA of members of the
domain Bacteria (Brinkhof et af., 1998; Moesender ef af., 1989). Nested PCR was
used to amplify of 185 rDNA fragments. The samples were first amplified with the
forward primer NS1-GC (5-CC AGT AGT CAT ATG CTT GTC-3'; Kowalchuk et al.,
1997) and the reverse primer nu-SSU-1196R (5'-TCT GGA CCT GGT GAG TTT CC-
3’; Borneman and Hartin, 2000) to obtain a 1179-bp fragment. One ul of the 1179-bp
fragment was used for the second PCR step using the forward primer NS1-GC and
the reverse primer NS2+10 (5°-GAA TTA CCG CGG CTG CTG GC-3') to obtain a
569-bp fragment of the 185 rDNA (Kowalchuk et al., 1997). A 40-bp GC clamp (5'-
CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG €CCC CCG CCC G-3
Muyzer ef al., 1993) was attached to the 5" ends of the GM5F and NS1-GC forward

primers.

61



The cycling program for the PCR of the 16S rDNA consisted of an initial denaturing
step of 95°C for 5 minutes, annealing at 65°C for 30 seconds and elongation at 72°C
for 1 minute. This was followed by 34 cycles of denaturing at 95°C for 30 seconds,
annealing at 65°C for 30 seconds and elongation at 72°C for 1 minute. Each run was

ended with a final elongation step at 72°C for 5 minutes.

The PCR products were electrophoresed on a 1% agarose gel containing 1 pg/mi
ethidium bromide at 100 V for 45 minutes in 1X TAE (40mM Tris, 20mM Acetic acid,
1mM EDTA,; pH 8.3). The gels were visualised using a GeneGenius Image system
(Syngene, UK) and the images were captured and documented using GeneSnap
software (Version 3.00.22, Syngene, UK).

5.2.5.3 DGGE

Fifteen microliters of the 16S rDNA PCR products from each sample were analysed
on & 6% bis/acrylamide gel containing a gradient of 30 fo 60% of the denaturants
urea and formamide. The DGGE gels were electrophoresed using a DCode™
Universal Mutation Detection System (Bio-Rad, UK) according to the manufacturer's
instructions. The gels were electrophoresed at a constant voltage of 100 V for 16
hours at 60°C in 1X TAE buffer (40mM Tris, 20mM Acetic acid, 1mM EDTA; pH 8.3).

Fifteen microliters of the 18S rDNA PCR products from each sample were
electrophoresed on a 6% bis/acrylamide gel containing a gradient of 20 to 50% of the
denaturants urea and formamide. The gels were electrophoresed at a constant
voltage of 80V for 13 hours at 60°C in 1XTAE buffer (40mM Tris, 20mM Acetic acid,
1TmM EDTA; pH 8.3).

Following electrophoresis, the gels were stained for 25 minutes in a 1 pg/ml ethidium
bromide solution in 1X TAE then rinsed for 5 minutes in 1X TAE. The gels were
visualised using a GeneGenius image system (Syngene, UK) and the images were
captured and documented using GeneSnap (Version 3.00.22, Syngene, UK)
software end analysed using Gene Tools (Version 3.00.22, Syngene, UK).
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5.2.5.4 DGGE Data Analysis

The DGGE fingerprints obtained were analysed according to the quantity of each
diagnostic band using Gene Tools (Syngene, UK} For the determination of the
community structure a single band in the gel was selected as the reference band and
given an arbitrary intensity value. The relative intensities of the other bands were
normalised in relation to the quantity of the band chosen as the reference. The
microbial community structure was plotted based on the intensities of the specific
bands in relation to their Rf distances along the DGGE ge!l. The relative band
intensity data was also used to plot dendograms of the DGGE data using the
unweighted pair group average (UPGA) algorithm and euclidean distances (Statistica
6.0, Statsoft inc.).

The structural diversity of the bacterial and fungal communities was calculated
according to the Shannon-Weaver index of general diversity {(Shannon and Weaver,
1963; Ibekwe et al., 2007}:

s
H = - Zpa' In p;

i=1
H was calculated on the basis of the bands on the gel lane by using the relative
intensities of the bands. P, is the relative probability of the bands in a lane. The
relative probability, P, was calculated as:

Pi=n;/N

Where »n, is the relative intensity of a band and ¥ is the sum of all the relative

intensities in a lane.

5.3 RESULTS AND DISCUSSION

5.3.1 Fouling, Scaling and Corrosion

The results obtained for the analysis of the fouiing, scaling and corrosion rates of the
first and second corrosion coupon phases as well as the heat exchanger tubing are
illustrated in Figure 5.2. The combination of conditions (FV, pH and COC) that
existed at each experiment are shown in Table 5.1 and graphically in Figure 5.1.



Table 5.1. Experiments conducted and their operational conditions.

| Experiment ~ pH . Flow Velocity Cycles of Concentration |
1t 65  06mfs | 15
- 65 . 12mis | 15 _
3 7.5 _ _0.6m/s 15
4 s 12mis R |- B
5 7.5 0.6 m/s | 5
6 75 | 1.2mfs — 5 -
7 . 65 = 06ms 5

8 6.5 12m/ls ) B

Upon examination of the results obtained from the first corrosion coupon phase
(Figure 5.2a) it is evident that the highest fouling and corrosion rates were obtained
at experiment 1. The highest scaling rate was obtained at experiment 4. The lowest
fouling and scaling rates were obtained at experiment 8. The lowest corrosion rate
was obtained at experiment 5. Results obtained from the second corrosion coupon
phase (Figure 5.2b) indicate that the highest fouling rate was obtained at experiment
4. Highest scaling and corrosion rates were obtained at experiment 1 and the lowest
fouling and scaling rates at experiment 5. The lowest corrosion rate was obtained at
experiment 6. The highest fouling, scaling and corrosion rates in the heat exchanger
tubing were obtained from experiment 2 (Figure 5.2c). In experiment 8 the lowest
fouling rate was observed. The lowest scaling rate was obtained at experiment 7 and

the lowest corrosion rate at experiment 5.

Some similarities between the resuits obtained from the first and second corrosion
coupon phase, and the heat exchanger tubing existed. The results obtained from the
second corrosion coupon phase and the heat exchanger tubing (Figure 5.2) indicate
that a FV of 1.2 m/s (experiments 2, 4, 6 and 8), relative to 0.6 m/s (experiments 1, 3,
5 and 7), generally resulted in higher scaling and corrosion rates. Fifteen COC
(experiment 1 to 4) resulted in generally higher fouling, scaling and corrosion rates
than 5 COC (experiments 5 to 8) in the first and second corrosion coupon phases, as
well as the heat exchanger tubing. Even though the corrosion coupons were in the
cooling towers for 14 days per session and the heat exchanger tubing for 28 days the
heat exchanger tubing exhibited lower fouling and corrosion rates relative to the
corrosion coupons. The scaling rates in the heat exchanger tubing were fairly similar

to the scaling rates in the corrosion coupons.
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Figure 19. Fouling, scaling and corrosion rates obtained from the analysis of the 1*

(a) and 2" (b) corrosion coupon phases as well as the heat exchanger tubing (c).
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Differences in the fouling, scaling and corrosion rates between the two corrosion
coupon phases could possibly be attributed to the development of a fouling layer on
the pipes and fill of the cooling tower. The fouling of cooling tower fills is one of the
most important factors affecting its thermal performance. Fouling reduces cooling
tower effectiveness and tower capability with time (Qureshi and Zibair, 2006). This
would then result in the two corrosion coupon phases being subjected different
thermal conditions. The rate of fouiing of heat exchangers due to scaling increases
as the temperature of the water rises. This happens in the case of calcium and
magnesium carbonates that exhibit inverse solubility behaviour with temperature
(Picon-Nunez et al., 2007). It, therefore, stands to reason that with increased fouling
over time, the scaling rate would also increase due to the decreased thermal
performance of the cooling tower. This is clearly evident in the results illustrated in
Figure 5.2.

The differences between the corrosion coupons and the heat exchanger tubing could
be attributed to the FV being affected by pipe diameters. Flow velocities were
calculated using the diameters of the heat exchanger tubing (8 mm ID) and since the
pipe diameter around the corrosion coupons was wider (18 mm D), the FV around
them was much lower. Reduced water velocities can lead to a deposition of
suspended matter (fouling) and the creation of differential aeration cells that result in
pitting corrosion (IWS, 1994). According to the IWS (1994) a balanced water velocity
with a preferred range of 1.5 to 3 m/s is required to prevent corrosion effects. Kobrin
(1994), however, reported fouling and subsequent stainless steel faiiure, due to

microbially induced corrosion, at flow rates of 2.4 to 3 m/s.

tn order to determine the optimal operating conditions for the operation of cooling
towers the experiments that gave the lowest fouling, scaling and corrosion rates from
the 1% and 2™ corrosion coupon phases, as well as the heat exchanger tubing were
determined (Table 5.2). The results in Table 5.2 clearly illustrate that, overall, the
lowest fouling, scaling and corrosion rates in cooling towers operated with SGL as
make-up water were achieved experiment 5 since it occurred the most times in this

table. Conditions at experiment 5 were a pH of 7.5, a FV of 0.6 m/s and 5 COC.
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Table 5.2. Experiments that gave the lowest fouling, scaling and corrosion rates
from the 1% and 2"’ corrosion coupon phases, as well as the heat exchanger tubing.

The conditions at each experiment are shown in parenthesis (pH; FV; COC).

Lowest fouling, scaling and corrosion rates

] | 1°' Coupon Phase | 2™ Coupon Phase | Heat Exchanger Tubing |
Fouling | 8(6512.5) |5 (7.5,0.6.5) 8(6.5 12 5)
Scaling | 8 (6.5; 1.2; 5) 5 (7.5. 0.6, 5) 7(65. 0.6, 5)
Corrosion | 5 (7.5; 0.6; 5) 6 (7.5;1.2; 5) 5(7.5; 0.6, 5)

From the results in Table 5.2 it is evident that the operational parameter with the
greatest overall influence on fouling, scaling and corrosion rates was COC followed
by pH. Furthermore they also indicate the importance of COC control. Increased
COC may result in scale formation due to the precipitation of salts that have
exceeded their solubility limits (Cloete et al., 1994; de Almeida et al.,, 1997). Cloete
et al. (1994) also stated that increased COC results in the concentration of dissolved
and suspended substances thereby promoting scale formation, biofouling, and
subsequent macro fouling of a system. This eventually leads to microbially induced
corrosion. The results presented here are thus in agreement with published literature
where it is indicated how important the role of COC is in controlling fouling, scaling

and corrosion.

A high pH generally leads to decreased solubility of salts and therefore an increased
scaling potential but a high pH also leads to decreased corrosion rates (IWS, 1994,
Rakanta et a/., 2007). The IWS (1994) recommends the use of controlled scaling for
the prevention and control of corrosion. A pH of 7.5 is high enough to allow a scaling

layer to form. This layer will be sufficient to protect the system against corrosion.

The resuits obtained in this study ailso indicate that a lower FV (0.6 m/s) resulted in
lower fouling, scaling and corrosion rates. This observation correlates with the
findings of Lehtola ef al. (2006) who reported a 13 to 15 times increase in biofilm
formation with increased FV of water from 0.03 to 0.28 m/s. Chen et al. (2005) also
reported increased biofiim adhesive strength as they increased fluid velocity from 0.6
to 1.6 mis. Soini et al (2002), however, reported that an increase in the FV
decreased bacterial densities indicating preferable biofilm formation on areas with
low FV. According to the IWS (1994), low FV may provide stagnant areas that
enhance biofilm formation and the precipitation of organic and inorganic

contaminants from the circulating water.



The 2° factorial experimental design was critical in the determination of the effects
COC, pH and FV on fouling, scaling and corrosion rates. Cycles of concentration
was determined to have the most considerable effect on the fouling, scaling and
coirosion rates in the cooling towers, followed by pH. From the results thus far
optimal operational conditions for the reduction of fouling, scaling and corrosion in
cooling towers using SGL as make-up water were determined to be 5 COC, a pH of
7.5and a FV of 0.6 m/s.

5.3.2 Microbial Community Structure (PLFA Analysis)

The number of cells per ml or cm? in the planktonic and sessile phases, respectively,
was determined according to Balkwill ef al. (1988), derived from a value of 1 x 10°
pmol PLFA/gram of bacterial cells and 5.9 x 10" cells per gram (Figure 5.3). The
number of cells per ml was higher in the planktonic phases of experiments 3 to 6 (pH
7.5) relative to the planktonic phases at experiments 1, 2, 7 and 8 (pH 6.5) (Figure
53). Estimated numbers of cells were higher in the planktonic phases of
experiments 1 to 4 (15 COC) relative to the sessile phases of each experiment.
Estimated numbers of cells were higher in the sessile phases of experiments 5 to 8
(5 COCj) relative to the planktonic phases of each experiment (Figure 5.3). A FV of
1.2 m/s resulted in higher estimaied cell numbers in the planktonic phase, relative to
0.6 m/s. This could be attributed to the shearing effect of higher fluid velocities of the
biofilm layer resuiting in more microorganisms staying in suspension (Tsai, 2006).
Perkiomaki et al. (2003) stated that phospholipid fatty acid analysis mainly targets
bacteria. This could imply that total microbial community numbers at the lower pH
could possibly have been similar or higher due to the presence of higher fungal
numbers, but the PLFA method could have underestimated this due to it targeting

mainly bacteria. This aspect would have to be investigated further in future studies.
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Figure 20. Estimated bacterial numbers per ml of planktonic phase liquid or cm? of
biofilm as determined according to Balkwill et al. (1988).

The microbial communities in the planktonic phase generally had a lower cyclo/w7c
ratio relative to the respective sessile phase microbial communities (Figure 5.4a).
This suggests that the planktonic phase microbial communities were more in the
exponential growth phase and the sessile phase microbial communities more in the
late exponential to stationery phases of growth (Villanueva et al, 2004). The
plankionic phase microbial communities in experiments 1, 2, 7 and 8 (pH 6.5) had
cyclo/w7c ratios ranging from 0.02 to 0.04. The cyclo/w7c¢ ratios in experiments 3 to
6 (pH 7.5) ranged from 0.09 to 0.14 (Figure 5.4a). These figures suggest that the
planktonic microbial communities grew more actively at a pH of 6.5. The highest
cyclo/w7c ratios among the planktonic phase microbial communities were found at
experiments 3 and 4 (pH 7.5 and 15 COC). The highest cyclo/w7c ratios among the
sessile phase microbial communities were found at experiments 7 and 8 (pH 6.5 and

5 COC). The results illustrated in Figure 5.4 (a) again demonstrate the important role
played by COC.

Upon examination of the results of the trans/cis ratio of the PLFA (Figure 5.4b) it
became evident that the microbial communities in the sessile phases only
experienced metabolic stress at experiments 7 and 8 (6 COC and pH 6.5). The

microbial community in the sessile phase in experiment 7 experienced more stress
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than the microbial community in experiment 8 and there were, therefore, higher
bacterial numbers from experiment 8. The planktonic phases experienced a higher
degree of metabolic stress at experiments 3 and 4 (15 COC and pH 7.5).

(a) Metabolic Status or Starvation Index
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Figure 21. (a) Metabolic status or starvation index as the ratio of cyclopropyl fafty

acids to monoenoic PLFAs {cyclo/w7c ratio). (b) Metabolic stress expressed as the
trans/cis ratio of monoenoic PLFAs.
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The planktonic microbial communities had the highest estimated bacterial numbers
(Figure 5.3), highest cyclo/w7c ratio (Figure 5.4a) and the highest trans/cis ratio
(Figure 5.4b) at experiments 3 and 4 (15 COC and a pH of 7.5). The sessile
microbial communities had the highest estimated bacterial numbers (Figure 5.3),
highest cyclo/w7c ratio (Figure 5.4a) and the highest trans/cis ratio (Figure 5.4b) at
experiments 7 and 8 (6 COC and a pH of 6.5). This, therefore, implies that an
increase in the metabolic stress and the resultant decrease in the growth rate
experienced by microbial communities cannot be taken to imply that there will be a

decrease in microbial biomass. It also highlights the role of COC and pH on
microbial community dynamics.

Upon examination of Figure 5.5 it is evident that there are definite differences in
terms of the concentration of Gram positive and Gram negative bacteria between the
planktonic and the sessile phases. The concentration of sessile phase Gram
negative bacteria was lower at experiments 1 to 4 {15 COC), whereas the
concentration of sessile phase Gram positive bacteria was lower at experiments 5 to

8 (6 COC). Cycles of concentration is the major differentiating parameter between
Gram positive and Gram negative bacteria.

Gram-positive and Gram-negative bacteria mol percentages
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Figure 22. lllustration of the Gram positive and Gram negative mol. percentages (TB
Sat. (terminally branched saturated PLFAs) are indicative of Gram positive bacteria,
and Monoenoic PLFAs are indicative of Gram negative bacteria).
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Upon examination of the total microbial community structures found in the different
experimental samples, similarities between the experimental samples were observed
(Figure 5.6). The structure of the microbial communities in the plankionic phases of
experiments 1, 2, 5 and 6 were similar. pH seems to be the major differentiating
factor in the planktonic phase. The structure of the microbial communities in the
sessile phases of experiments 1, 2, 3 and 4 (15 COC) were similar. The major

differentiating parameter in the sessile phase is COC.

Microbial Community Structure (PLFA Analysis)
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Figure 23. Microbial community structure based on the proportions of the major
PLFAs.

Upon examination of the dendograms (Figure 5.7) illustrating the spatial differences
between the lipid compositions of the microbial communities in the different
experiments, it became evident that the main differentiating factor between the lipid
composition of the microbial communities in the planktonic phases was pH, whereas

the main differentiating factor in the sessile phase was the COC.
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Figure 24. Dendograms illustrating the clustering of samples based on ohospholipid
fatty acid profiles obtained from the planktonic (a) and sessile (b) phase samples of

the different experiments.
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5.3.3 Fouling, Scaling, Corrosion and PLFA Analysis
A redundancy analysis (RDA) graph (Figure 5.8) indicates the similarity between

samples, variation in data as well as the correlation between different variables. The
clustering effect or distance between the samples indicates similarity. Variables or
species are represented by the arrows. Shorter arrows indicate smaller variation.
Long arrows tend to matier most since the length of the arrow also indicates the
slope of response. Direction of the arrow indicates the direction of maximum change.
Angles between arrows indicate correlation. Acute angles indicate high positive
correlation. An angle of £180° is indicative of a negative correlation and an angle
=90° is indicative of no correlation. An angle <90° indicates a positive correlation
between variables. Relation between samples and variables shows the relative
ranking of each sample to each variable. From the RDA correlations between
environmental variables and samples can be made. Environmental variables were
COC, pH and FV. Samples were fouling, scaling and corrosion rates as well as

PLFA analysis data obtained at each experiment.

From the results in Figure 5.8(a) it is evident that an increase in COC resulted in
increased fouling, scaling and corrosion rates of both the corrosion coupon phases
and heat exchangér tubing. This is in agreement with Cloete ef a/. (1994) who stated
that increased COC results in the concentration of dissolved and suspended
substances thereby promoting scale formation, biofouling, macrofouling and
eventually microbially induced corrosion. Because pH and corrosion rates of the
corrosion coupons and heat exchanger tubing are in opposite quadrants it indicates
that there was a negative correlation between these two parameters. This implies
that a decrease in pH would result in an increase in corrosion rates. This is in
agreement with Rakanta et al. (2007) who stated that low pH leads to increased
corrosion rates. |t is also evident, based on arrow length, that FV did not have a
profound impact in sample variation. Experiment 5 had a negative correlation with
the rates of fouling, scaling and corrosion (Figure 5.8a). This confirms the results
obtained in Section 5.3.1 which showed experiment & to have the ideal conditions for

the operation of the cooling towers using SGL.

Increases in Gram negative {(Mono-Unsaturated) and anaerobic bacteria (Mid Chain
Branched Saturates) also resulted in increased fouling, scaling and corrosion rates.
Fungi (Poly Unsaturatec) had a positive correlation with experiment 5, indicating that

fungi did not play a considerable rote in the fouling, scaling and corrosion of the heat
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exchanger tubing and corrosion coupons. A positive association is also apparent
between the Gram positive bacteria and biomass, meaning that the biomass consists
mostly of Gram positive bacteria. Biomass in the planktonic phase had a negative
correlation to the fouling rate implying that an increase in biomass might be due to
the microbial community not forming a fouling layer. The reverse would also be true

with increased attachment resulting in less biomass in the planktonic phase.

Upon examination of Figure 5.8(b) it is also evident that an increase in COC resulted
in an increase in all the fouling, scaling and corrosion rates in the sessile phase.
There was a negative correlation between pH and all the corrosion rates, meaning
that a decrease in pH would result in an increase in the rates of corrosion.
Experiment § aiso had a negative correlation with the rates of fouling, scaling and
corrosion in the sessile phase. Gram positive bacteria and fungi also have a positive
correlation with all the fouling, scaling and corrosion rates. This implies that the
Gram positive bacteria and the fungi are responsible for or enhance the fouling,
scaling and corrosion rates in the sessile phase. A positive association is also
apparent between the Gram negative bacteria and biomass, implying that the biofilm

consists mostly of Gram negative bacteria.

These results indicate that the effect on the rates of fouling, scaling and corrosion, as
well as on the microbial community structure (PLFA analysis) was in the order COC
>pH>FV. These results also confirm that the ideal conditions for the operation of the

cooling towers were obtained in experiment 5 (5 COC, pH 7.5 and a FV of 0.6 m/s).
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scaling and corrosion rates) in the (a) planktonic and (b) sessile phases of experiments 1 to 8.
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5.3.4 Microbial Community Structure (DGGE Analysis)

5.3.4.1 DNA Concentrations and Purity

The DNA concentrations and purity co-efficients obtained from the planktonic phase
samples are tabiled in Appendix B (Table B3). Upon examination of the DNA
concentration data obtained from the respective samples {(Appendix B, Table B) it is
evident that the DNA concentrations obtained from the planktonic phases were
considerably higher at 11.63 ng/ul (standard deviation (SD)} = 9.74) than those
obtained from the sessile phases 6.87 ng/ul (SD = 5.79). The 260nm/280nm ratios
for these phases also differed. The average 260nm/280nm ratio in the planktonic
" phase was 1.72 (SD = 0.33) and the average 260nm/280nm ratio in the sessile
phase was 1.55 (8D = 0.44). These differences in concentrations and purities could
possibly be attributed to the DNA extraction and purification protocols that were not
optimised sufficiently due to insufficient sample volumes. This could also be
attributed to the presence of inhibiting impurities which would be present in higher
concentrations in the sessile phase. Published DNA purification procedures may be
inadequate for complex environmental sampies containing Iinhibiting impurities
(Pennanen et al., 2001) and the fact that no work was done previously on the
extraction of DNA from stripped gas liguor means that there was no available method
that had been optimised for this kind of work. The difference in DNA concentrations
may also be an indication of actual bacterial levels. In the preceding section it was
illustrated that bacterial levels based on PLFA data were generally lower in the
sessile phase relative to the plankionic phase. The method described in Section
5.2.4.1, although not optimised, worked consistently, providing DNA of a sufficient
quantity and quality for PCR and DGGE analysis.

5.3.4.2 PCR Optimisation

PCR protocol was optimised to determine the effects of the addition of bovine serum
albumin {(BSA), glycerol and MgCl,. It was found that the addition of 1U Tag DNA
polymerase, 50 ng BSA and 4mM MgCl, to the PCR mix gave the most consistent

results.

Several problems were encountered during the study. The optimised PCR protocol
worked for the amplification of the 18S planktonic and sessile as well as the 165

plankicnic samples but did not work well with the 165 sessile samples. The main
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limiting factor for our optimisation attempts was insufficient sessile sample quantities.
Because of this, no studies were conducted on the efficacy of primers in the
presence of co-extractants. Different annealing temperatures were also attempted
but the best we got for the problematic samples was a smear if it worked at all. At
the time when the experiments were conducted we alsc did not have touchdown
PCR facilities. The conditions finally used in this study were the most informative,

given the mentioned limitations.

5.3.4.3 PCR and DGGE analyses

The DNA extracted from the planktonic and sessite phases was subjected to 16S and
188 rDNA PCR and electrophoresed on a 1% (w/v) agarose gel. All the planktonic
samples that were subjected to 16S rDNA PCR amplified successfully, whiie only
three of the sessile phase samples were amplified. The other sessile samples did
not amplify most probably due to inhibitton by the presence of co-extracted humic
substances. All the pianktonic and sessile sampies that were subjected to 185 rDNA

PCR amplified successfully, except for the planktonic sample from experiment 1.

The successfully amplified DNA samples from both the planktonic and sessile were
analysed by DGGE. Figure 5.9 is an illustration of the planktonic 165 and 185
DGGE profiles that were obtained. The presence of bands can be associated with
the presence of bacterial (Figure 5.9a) or fungal (Figure 5.9b) strains. The relative
intensities of the bands illustrate the increase and decrease of the particular strain
concentrations between the different samples. This appearance or disappearance of
bands illustrates the effects of varying experimental conditions on microbial

community structure in both planktonic and sessile samples.
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Figure 26. 16S (a) and 18S (b) DGGE profiles as well as denaturing gradients
illustrating the effects of operational conditions on the planktonic microbial community
structure. Lanes 1 to 7 in both (a) and (b) indicate samples from experiments 2, 3, 4,
5 6,7 and 8.

The quantities of the diagnostic bands of each sample were determined relative to
the quantity of the reference band and against their Rf distances. This data was
used to determine the relative strain abundances in each microbial community.
Figure 5.10 illustrates the relative strain abundances in the experimental samples as
determined by 16S rDNA (Figure 5.10a) and 18S rDNA (Figure 5.10b) DGGE
analysis. When presented this way the data is complex and very difficult to draw
conclusions from and hence the need for statistical analysis and the use of indices
such as the Shannon-Weaver diversity index (Shannon and Weaver, 1963). The use
of the Shannon-Weaver diversity index would greatly simplify the data and make it
easier to explain the effects of environmental conditions on microbial community
structure diversity. A summary of the Shannon-Weaver diversity index data for 165
and 18S planktonic and sessile phases of the various experiments is presented in
Figure 5.11.
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(a) Microbial Community Structure (16S rDNA DGE-?E Analysis)
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(b) Microbial Community Structure (188 rDNA DGGE Analysis)
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Figure 27. Relative strain abundances of the experimental samples as analysed by
(a) 165 rDNA DGGE and (b) 185 rDNA DGGE electrophoresis. Analyses were
cendensed as described in Section 5.2.5.4.

Upon examination of Figure 5.11 it is evident that 16S rDNA (bacterial} planktonic
and sessile microbial communities had the highest diversity in experiment 3.
Experiment 3 had a pH of 7.5, a FV of 0.6 and 15 COC and also had the second
highest fouling, scaling and corrosion rates in the heat exchanger tubing. This would
therefore mean that the optimum operational conditions to minimise bacterial species
diversity would be operation at a lower pH, low COC and a high FV. This correlates

with the results obtained from the analysis of fouling, scaling and corrosion rates.
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Shannon-Weaver indices of the 188 rDNA were highest in experiment 2 and 5 for the
sessile and planktonic fungal communities, respectively. Experiment 2 had the
highest fouling, scaiing and corrosion rates in the heat exchanger tubing, highlighting
the important role that fungal communities within biofilms play in the fouling, scaling
and corrosion of industrial systems. Experiment 2 had a pH of 6.5, a FV of 1.2 and
15 COC. Experiment 5 which also had the lowest 165 rDNA Shannon-Weaver index
was always among the lowest fouling, scaling and caorrosion rates for the corrosion
coupons and heat exchanger tubing. Experiment 5 had a pH of 7.5, a FV of 0.6 and
5 COC. Cycles of concentration and pH seem to have had the greatest effect on
species diversity and evenness.

Shannon-Weaver Diversity Indices of the 165 and 185 rDNA DGGE Analysis
1.2 — - — — —

Shannon-Weaver Index

N |
§
.
\
\
\
\ |
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\
§.
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@ 18S Planktonic B 18S Sessile § 16S Planktonic B 16S Sessile

Figure 28. Shannon Weaver Diversity indices of the experimental samples as
determined from 16S and 18S rDNA PCR DGGE band presencefabsence and
intensity.

Absence or presence as well as intensity data was subjected to cluster analysis using
Statistica 6.0 software. The resultant dendograms are presented in Figures 5.12 and
5.13. pH was the major differentiating parameter followed by COC in the clustering
of the 16S rDNA planktonic samples based DGGE analysis (Figure 5.12). Ciusters B
and D were both at a pH of 6.5 but cluster B was at 15 COC whereas cluster D was
at 5 COC. Cluster C was at a pH of 7.5 with experiments 3 and 4 both being at 15
COC, therefore clustering closer together, and experiments 5 and 6 both being at 5
COC, therefore also clustering closer together.
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It is evident, upon examination of the dendograms (Figure 5.13), that pH was the
main differentiating parameter in the clustering of the 188 rDNA planktonic and
sessile samples based DGGE analysis. Cluster A1 in the planktonic phase had a pH
of 6.5 and smaller cluster A2 was at 5 COC. The B cluster was at a pH of 7.5 with
the difference between B1 and B2 being that B1 was at 15 COC whereas B2 was at
5 COC (Figure 5.13a). This indicated that COC was also an importént differentiating
parameter in the plankionic phase. Cluster B in the sessile phase (Figure 5.13b) was
at a pH of 6.5. Experiments 1 and 7 were both at a FV of 0.6 and therefore grouped
together to form cluster B2, whereas experiments 2 and 8 were at a FV of 1.2. Both
clusters C and D were at a pH of 7.5 with cluster C being ata FV of 0.6 and D at a
FV of 1.2. This indicates that FV was also an important differentiating parameter in
the sessile phase.

The analysis of DGGE data revealed that pH and COC had the most profound effect
on microbial community structure. This is similar to the data obtained from the

analysis of the fouling, scaling and corrosion rates in relation to PLFA analysis data.

Tree Diagram for Planktonic 16S rDNA DGGE Anlysis
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Figure 29. Dendogram illustrating the clustering of samples based on DGGE profiles
obtained from the planktonic samples subjected to 16S rDNA DGGE analysis.
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(a) Tree Diagram for Planktanic 188 rDNA DGGE Anlysis
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(b) Tree Diagram for Sessile 18S rDNA DGGE Anlysis
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Figure 30. Dendograms illustrating the clustering of samples based on DGGE
profiles obtained from (a) the planktonic and (b) sessile samples subjected to 185
rDNA DGGE analysis.

5.4 CONCLUSIONS

A 2° multi-factorial experimental design was successfully implemented in determining

the effects pH, COC and FV on fouling, scaling and corrosion rates. The operational
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parameter with the greatest overall influence on fouling, scaling and corrosion rates
was found to be COC followed by pH. From the results obtained from the analysis of
fouling, scaling and corrosion rate data optimal operational conditions for the
reduction of fouling, scaling and corrosion in cooling towers using SGL as make-up
water were determined to be 5 COC, apH of 7.5 and a FV of 0.6 m/s.

Upon examination of the PLFA analysis data it was evident that the planktonic
microbial communities had the highest estimated bacterial numbers, highest
cyclo/w7c ratios and the highest trans/cis ratios at experiments 3 and 4 (15 COC and
a pH of 7.5). The sessile microbial communities had the highest estimated bacterial
numbers, highest cyclo/w7c ratio and the highest trans/cis ratio at experiments 7 and
8 (5 COC and a pH of 8.5). Cycles of concentration were also found to be the major
differentiating parameter between Gram positive and Gram negative bacteria. The
main differentiating factor between microbial communities in the planktonic phases
was pH, whereas COC was the main differentiating factor in the sessile phase.
These results highlight the rote of COC and pH on microbial community dynamics.

Redundancy analysis of fouling, scaling corrosion and PLFA data relative to COC, pH
and FV at the different experiments was also conducted. From the results it was
evident that an increase in COC resulted in increased fouling, scaling and corrosicn
rates of both the corrosion coupon phases and heat exchanger tubing. A decrease in
pH was also found to resulf in an increase in corrosion rates. These results indicate
that the effect on fouiing, scaling and corrosion rates, as well as on microbial
community structure (PLFA analysis) was in the order COC >pH>FV. These results
also confirmed that the ideal conditions for the operation of the cooling towers were 5
COC pH7.5and aFVof 0.6 m/s.

DNA concentrations and purity obtained from the planktonic phases were
considerably higher at than those obtained from the sessile phases. The difference
in DNA concentrations may alsoc be an indication of actual bacterial levels. Bacterial
levels based on PLFA data were also generally lower in the sessile phase relative to
the planktonic phase. lllustration of relative strain abundances in experimental
samples as determined by 16S rDNA and 188 rDNA DGGE analysis was found to be
complex and very difficult to draw conclusions from. Use of the Shannon-Weaver
diversity index greatly simplified the data and made it easier to explain the effects of

environmental conditions on microbial community structure diversity. Cycles of
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concentration and pH seemed to have had the greatest effect on species diversity
and evenness. Experiment 5 (5 COC, pH 7.5 and a FV of 0.6 m/s) had the lowest
165 rDNA Shannon-Weaver index. Dendograms the DGGE data also revealed that
pH was the main differentiating parameter, followed by COC, in the clustering of 165
and 185 rDNA planktonic and sessile samples. These results also confirmed that
operation at 5 CCC, a pH of 7.5 and a FV of 0.6 m/s would not only results in

reduced fouling scaling and corrosion bui also reduced microbial species diversity.

In conclusion, the 2° multi-factorial experimental design implemented in this part of
the study was instrumental in determining the effects pH, COC and FV on fouling,
scaling and corrosion rates as well as microbial community structure (PLFA and
DGGE). Cycles of concentration was found to have the most considerable effect on
the fouling, scaling and corrosion rates followed by pH. Analysis of both the PLFA
and DGGE data agreed that COC and pH had the most considerabie effect on the
microbial community structure. The use of the 2° multi-factorial experimental design
also allowed the determination of the optimal conditions for the operation of the
cooling towers using SGL as feed water. These conditions were found to be 5 COC,
apHof7.5and aFVof 0.6 m/s.
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS

6.1 INTRODUCTION

The aim of this study was to evaluate the effects of COC, pH and FV on the rates of
fouling, scaling and corrosion as well as on the microbial community dynamics in
cooling towers using stripped gas liquor (SGL) as process cooling water. The
objectives of this stucy were to:

i. Optimise the selective extraction of hydrocarbons from SGL so as to eliminate
the interference of hydrocarbons with PLFA analysis,

ii. Determine the similarity or dissimilarity of two cooling towers in terms of the
fouling, scaling and corrosion rates as well as microbial community structure
when these were operated under similar operational conditions,

ii. Determine the effects of pH, COC and FV on the rates of fouling, scaling and
corrosion of mild steel, as well as the structural diversity of microbial
communities in both planktonic and sessile phases using a 2° muiti-factorial

experimental design.

6.1.1 Optimisation and Processing of Fatty Acids for PLFA Analysis

From literature it is evident that SGL contains hydrocarbons (Zhang ef al., 1998; van
Nierop et al, 2000; Yang et al,, 2006). Hydrocarbons and cholestercl have been
found to interfere with gas chromatography analysis of PLFA prepared from complex
biological samples (Nightingale et a/., 1999; Ali and Cole, 2001). It was, therefore,
important to first optimise the selective extraction of hydrocarbons from SGL so as to
eliminate the interference of hydrocarbons with PLFA analysis. Two methads for the
selective extraction of hydrocarbons were evaluated. Effects of selective extraction
of hydrocarbons before and after silicic acid fractionation on GC-MS analysis were
thus determined.

Chromatograms, community structures, box and whisker plots and the dendograms
obtained from the analyses of the PLFA analysis data clearly indicate the impact of
the contaminant hydrocarbons on the analysis of the microbial community structure
by PLFA analysis. These results also demonstrated that the hydrocarbons in SGL
interfered with the analysis of PLFA samples.
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The method used for the extraction of hydrocarbons before silicic acid fractionation
succeeded in removing the hydrocarbons and their interference. This method was,
therefore, determined to be the appropriate to use in subsequent experiments. The

objective of this part of the study was, therefore, achieved.

6.1.2 Comparison of Two Lab-Scale Cooling Towers Operated under Identical

Conditions

Even though the two available lab-scale cooling towers were of identical design their
similarity or dissimilarity was also a concern that needed investigation. The similarity
or dissimilarity of two cooling towers in terms of the fouling, scaling and corrosion
rates as well as microbial community structure when these were operated under
similar operational conditions was, therefore, determined. |If similar results are
obtained, this would allow two experiments to be run at the same time while ensuring
the integrity of the results that would be used for the analysis of the effects of
changes in operational parameters on the rates of fouling, scaling and corrosion as
well as on microbial community dynamics.

The two lab-scale cooling towers were operated with a FV of 1.5 m/s through the
heat exchanger tubing at a pH of 7 and 13 COC. Physico-chemical analysis results
confirmed that the two cooling towers were operated under identical operational
conditions. Scanning electron microscopy results illustrated that both reactors had
similar microbial populations based on morphology and only slightly differed in terms
of the thickness of the biofilm. The difference in biofilm thickness was attributed to
the unstable FV experienced towards the end of the experimental run. Rates of
fouling, scaling and corrosion were determined and statistically analysed. There was
no significant statistical difference between cooling towers 1 and 2 within a 95%
confidence limit in terms of their fouling, scaling and corrosion rates. Microbial
community structure was determined by phospholipid fafty acid (PLFA) analysis and
scanning electron microscopy (SEM). The results also showed that the structure of

the microbial communities in the two cooling towers were similar.

The work carried out in this part of the study clearly indicated that the two cooling
towers were similar in terms of the fouling, scaling and corrosion rates as well as
microbial community structure when they were operated under similar operationail
conditions. This, therefore, allowed the operation of the two cooling towers in parallel

under different operational conditions. Any differences in results will be reflection of
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the effects of operational conditions and not differences in the cooling towers
themselves. Another outcome of this part of the study was that for consistent results
to be obtained the cooling towers should not be operated for longer than 42 days,

based on the results obtained from the tab-scale cooling towers.

6.1.3 Effects of Changes in Operational Conditions on Fouling, Scaling and

Corrosion as well as on Microbial Community Dynamics

The objective of this part of the study was to evaluate the effects of COC, pH and FV
on the rates of fouling, scaling and corrosion as well as on the microbial community
dynamics in cooling towers using SGL as process cooling water. For this purpose a
2 muiti-factorial experimental design was used to minimise the number of
experiments required. The 2° multi-factorial experimental design allowed the
evaluation of the effects of pH, FV and COC on the rates of fouling, scaling and
corrosion as well as microbial community dynamics. The operational parameters
were 5 and 15 COC, pH of 6.5 and 7.5, and FV of 0.6 and 1.2 m/s.

For each experiment the cooling towers were operated for a total of 42 days. In
Chapter 4 it was demonstrated that after 42 days the lab-scale cooling towers
became unstable. This was probably due to fouling, scaling and / or corrosion
affecting FV through the heat exchanger tubing. The cooling efficiency of the
packing material was also affected by the formation of biofouling layer due to the high
organic load of the stripped gas liquor (Beyer, 1993).

The 2* multi-factorial experimental design was instrumental in determining the effects
pH, COC and FV on fouling, scaling and corrosion rates. Cycles of concentration
was found to have the most considerable effect on the fouling, scaling and corrosion
rates followed by pH. Cloete et al 1994 stated that increased COC promotes
biofouling, and subseguent macrofouling of the system, scale formation, and
eventually microbially induced corrosion. FV did not have a significant effect on the
rates of fouling, scaling and corrosion probably due to the variation being insufficient.
This is despite Lehtola et al. (2006} reporting a 13 to 15 times increase in biofilm
formation with increased FV of water from 0.03 to 0.28 m/s. Chen et al. (2005) also
reported that biofitm adhesive strength increased as the fluid velocity increased within
the range of 0.6-1.6 m/s.
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The effects pH, COC and FV on microbial community structure as determined by
PLFA and DGGE analysis were demonstrated. Cycles of concentration affects the
concentration of dissolved and suspended substances, thereby promoting biofouling
(Cloete et al., 1994). According to Little et al (1998) the sessile microbial
communities are capable of maintaining a pH that is radically different from the bulk
liguid and are therefore less prone to be affected by minor changes in pH. The
impact of changes in operational conditions on microbial communities could thus be
explained in terms of the observations made by Cloete et al. (1994) and Little ef af.
(1998). During the duration of each experiment the pH, COC and FV were kept
constant. The changes in operational conditions between the experiments could,
therefore, have an effect on microbial community structure and dynamics. Analysis
of the PLFA data revealed that COC had a considerable effect on the microbial
community structure followed by pH. Results obtained from the RDA ordination
analysis of the PLFA analysis data relative to the fouling, scaling and corrosion rates
indicated that COC followed by pH had the most profound effect. Analysis of DGGE
data indicated that pH had the most profound effect on the microbial community
structure followed by COC.

The 2° multi-factorial experimental design also allowed the determination of the
optimal operational conditions for the reduction of fouling, scaling and corrosion in
cooling towers using SGL as feed water. These conditions were found in experiment
5and were 5 COC, apHof 7.5 and a FV of 0.6 m/s.

6.2 CONCLUSION
The presence of hydrocarbons in SGL can interfere with PLFA analysis. The lipid

extraction procedure was, therefore, successfully optimised to minimise the co-
extraction of unwanted hydrocarbons. The two cooling towers were found to be
similar in terms of the fouling, scaling and corrosion rates as wel as microbial
community structure when they were operated under similar operational conditions.
This allowed the operation of the two cooling towers in parallel under different
operational conditions with any differences in results reflecting the effects of
operational conditions. The 2° multi-factorial experimental design was instrumental in
determining the effects pH, COC and FV on rates of fouling, scaling and corrosion, as
well as on the microbial community dynamics as determined by PLFA and DGGE
analysis. Cycles of concentration had the most profound effect on the fouling, scaling
and corrosion rates as well as microbial community structure.  This was
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demonstrated by physico-chemical as well as microbial dynamics data. Using the 2°

multi-factorial experimental design the optimal conditions for the operation of the

cooling towers using SGL as feed water were determined to be 5 COC, a pH of 7.5
and a FV of 0.6 m/s.

6.3

vi.

Vi,

RECOMMENDATIONS

The effect of pH on conductivity and ton (fluoride, sodium, etc) concentration
and, therefore, COC should be determined.

The effect of nitrification/denitrification on the drop in pH adjusted using NH,OH
should be determined.

The fouling rate of the packing material and effect thereof on the thermal
efficiency of a cooling tower should be determined.

Energy dispersive spectrometry (EDS) should be used to analyse fouling,
scaling and corrosion layers to obtain structural, compositional and chemical
information about the layers. This would allow the determination of, for
example, the corrosion products in the fouling layer and the effects of fouling on
the electrical and chemical determination of corrosion rates by AquaCorr™ and
iron concentration, respectively.

The efficacy of primers in the presence of co-extractants should be determined
and the selective exiraction of hydrocarbons from DNA samples shouid be
optimised.

The sensitivity of PLFA in determining fungal biomass relative to bacterial
biomass and the effect thereof in microbial community structure analysis should
be determined (Perkiomaki et al., 2003).

The statistical manipulation of DGGE data so as to allow RDA analysis in
relation to PLFA, fouling, scaling and corrosion rates would be of great value in

bringing all the information together.

in conclusion, this research approach can be used for the optimisation of operational

parameters for the re-use of industrial effluents as cooling water to minimise fouling,

scaling and corrosion. The operating conditions optimised in this study have been

successfully applied to the Sasol (Sasolburg) cooling towers operating with SGL as

cooling water.

90



REFERENCES

Ahn, J., S. Schroeder, M. Beer, S. Mcliroy, R.C. Bayly, J.W. May, G. Vasiliadis,
and R.J. Seviour. 2007. Ecology of the microbial community removing phosphate
from wastewater under continuously aerobic conditions in a sequencing batch
reactor. Applied and Environmental Microbiology. 73 (7): 2257-2270.

Ai-Rawajfeh, A.E. and E.M. Al-Shamaileh. 2007. Assessment of tap water
resources quality and its potential of scale formation and corrosivity in Tafila
Province, South Jordan. Desalination. 2086: 322-332.

Ali, M.Y. and R.B. Cole. 2001. SFE-plus-C 45 Lipid Cleanup and Selective
Extraction Method for GC/MS Quantitation of Polycyclic Aromatic Hydrocarbons in
Smoked Meat. Journal of Agriculture and Food Chemistry. 49: 4192-4198.

Ampe, F., and E. Miambi. 2000. Cluster analysis, richness and biodiversity
indexes derived from denaturing gradient gel electrophoresis fingerprints of bacterial
communities demonstrate that traditional maize fermentations are driven by the
transformation process. International Journal of Food Microbiology. 60: 91-97.

Angell, P. 1999. Understanding microbially influenced corrosion as biofilm
mediated changes in surface chemistry. Current Opinion in Biotechnology. 10: 269-
272,

APHA (American Public Health Association), AWWA (American Water Works
Association), and WPCF (Water Pollution Control Federation). 1985. Standard
methods for the examination of water and waste water. 16" Ed. APHA. USA.

Aries, E., P. Doumenq, J. Artaud, M. Acquaviva, and J.C. Bertrand. 2001.
Effects of petroleum hydrocarbons on the phospholipid fatty acid composition of a
consortium composed of marine hydrocarbon-degrading bacteria. Organic
Geochemistry. 32: 891-903.

ASTM (American Society for Testing and Matarials). 1999. Standard practise for
preparing, cleaning evaluating corrosion test specimens. G1-90: 15-22.

Aust, N., M. Gahleitner, K. Reichelt, and B. Raninger. 2006. Optimization of run
parameters of temperature-rising elution fractionation with the aid of a factorial
design experiment. Polymer Testing. 25: 896-903.

91




Balkwill, D. L., F. R. Leach, J. T. Wilson, J. F. McNabb, and D. C. White. 1988.
Equivalence of microbial biomass measures based on membrane lipid and cell wall

components, adenosine triphosphate, and direct counts in subsurface sediments.
Microbial Ecology. 16: 73-84.

Beech, 1.B., V. Zinkevich, R. Tapper, and R. Gubner. 1998. Direct involvement of
an extracellular complex produced by a marine sulphate reducing bacterium in
deterioration of steel. Geomicrobiology Journal. 15: 121-134.

Beyer, A.H. 1993. Choose the right cooling tower fill. Chemical Engineering
Progress.

Bishop, P.L. 1997. Biofilm structure and kinetics. Water Science and Technology.
36: 287-294.

Bligh, E.G. and W.J. Dyer. 1959. A rapid method of total lipid extraction and
purification. Canadian Journal of Biochemistry and Physiology. 37: 911-917.

Boopathy, R. and L. Daniels. 1991. Effect of pH on anaerobic mild steel corrosion
by methanogenic bacteria. Applied and Environmental Microbiology. 57: 2104-
2108.

Borneman, J. and R.J. Hartin. 2000. PCR primers that amplify fungal rRNA genes
from environmental samples. Applied and Environmental Microbiology. 66(10):
4356—4360.

Bott, T.R., P. C. Miller, and T. D. Patel. 1983. Biofouling in an industrial cooling
water system. Process Biochemistry. 10-18.

Bott TR. 1995. Fouling of heat exchangers. In: Chemical engineering
monographs. Vol. 26. Edited by Churchill SW. Elsevier. Amsterdam, The
Netherlands.

Brinkhoff, T., C.M. Santegoeds, K. Sahm, J. Kuever, and G. Muyzer. 1998. A
polyphasic approach to study the diversity and vertical distribution of sulfur-oxidizing
thiomicrospira species in coastal sediment of the German wadden sea. Applied and
Environmental Microbiology. 46: 4650-4657.




Brinkhoff, T., S. M. Sievert, J. Kuever, and G. Muyzer. 1999. Distribution and
diversity of sulfur-oxidising Thiomicrospira spp. At a shallow-water hydrothermal vent
in the Aegean Sea (Milos, Greece). Applied and Environmental Microbiology. 65:
3843-3849.

Brito, A.G. and L.F. Melo. 1999. Mass transfer coefficients within anaerobic
biofilms: effects of external liquid velocity. Water Research. 33: (17) 3673 — 3678.

Brozel, V.S., and T. E. Cloete. 1989. The role of sulphate-reducing bacteria in
microbial induced corrosion. Paper Southern Africa. 30-36.

Brozel, V.S,, and T. E. Cloete. 1991. Fingerprinting of commercially available
water treatment bactericides in South Africa. Water SA. 17: 57-66.

Butterfield, P.W., A K. Camper, J.A. Biederman, and A.M. Bargmeyer. 2002.
Minimizing biofilm in the presence of iron oxides and humic substances. Water
Research. 36: 3898-3910.

Camu, N., T. de Winter, K. Verbrugghe, I. Cleenwerck, P. Vandamme, J.S.
Takrama, M. Vancanneyt, and L. de Vuyst. 2007. Dynamics and biodiversity of
populations of lactic acid bacteria and acetic acid bacteria involved in spontaneous
heap fermentation of cocoa beans in Ghana. Applied and Environmental
Microbiology. 73 (6): 1809-1824. |

Casas, J. A., S. Garcia de Lara, and F. Garcia-Ochoa. 1997. Optimization of a
synthetic medium for Candida bombicola growth using factorial design of
experiments. Enzyme and Microbial Technology. 21: 221-229.

Characklis, W. G. and K. E. Cooksey. 1983. Biofilms and microbial fouling.
Advances in Applied Microbiology. 29: 93-138.

Characklis, W. G., and K. C. Marshall. 1990. Biofilms: a basis for an
interdisciplinary approach. In: Biofilms. 3-15. Edited by Characklis, W.G., and
Marshall, K.C. John Wiley & sons. New York.

Chen, M.J., Z. Zhang, T.R. Bott. 2005. Effects of operating conditions on the
adhesive strength of Pseudomonas fluorescens biofilms in tubes. Colioids and
Surfaces B: Biointerfaces. 43: 61-71.

93




Chen, Y.C., C.M. Lee, S.K. Yen, and S.D. Chyou. 2007. The effect of denitrifying
Fe-oxidizing bacteria TPH-7 on corrosion inhibition of sodium molybdate. Corrosion
Science. 48: 3917-3925.

Choi, D., You, 8., and J. Kim. 2002. Development of an environmentally safe
corrosion, scale, and microorganism inhibitor for open recirculating cooling systems.
Materials Science and Engineering A. 335: 228-236.

Chourday, S.G. 1998. Emerging microbial control issues in cooling water systems.
Hydrocarbon Processing. 77 (5): 91-102.

| Christensen, B.E. and W.G. Characklis. 1990. Physical and chemical properties
of biofilms. In: Biofilms. Edited by Characklis, W.G. and Marshall, K.C. Wiley &
sons Inc. New York.

Cloete, T.E., V.S. Brézel, E.E. de Bruyn, and B. Pietersen. 1994. Optimisation of
biofouling control in industrial water systems. Water Research Commission Report.
No 318/1/94.

Cloete, T.E., V.S. Brézel, E.E. de Bruyn, and B. Pietersen. 1996. Optimisation of
biofouling control in industrial water systems. S.A. Water Bulletin. 22 (2): 6-7.

Cloete, T.E., L. Jacobs, and V.S. Brozel. 1998. The chemical control of biofouling
in industrial water systems. Biodegradation. 9 (1): 23-37.

Cloete, T.E., D. Westaard, S.J. van Vuuren. 2003. Dynamic response of biofilm to
pipe surface and fluid velocity. Water Science and Technology. 47 (5): 57-59.

Congmin X., Y. Zhang, G. Chenga, and W. Zhub. 2007. Localized corrosion
behavior of 316L stainless steel in the presence of sulfate-reducing and iron-
oxidizing bacteria. Materials Science and Engineering A. 443: 235-241.

Cookson W.R., M. Osman, P. Marschner, D.A. Abaye, 1. Clark, D.V. Murphy,
E.A. Stockdale, C.A. Watson. 2007. Controls on soil nitrogen cycling and
microbial community composition across land use and incubation temperature. Soil
Biology & Biochemistry. 39: 744-756.

Costerton, J.W., and E.S., Lashen. 1984. Influence of biofilm on efficacy of
biocides on corrosion-causing bacteria. Materials Performance. 23: 13-17.

94




Dar, S.A,, L. Yao, U. van Dongen, J.G. Kuenen, and G. Muyzer. 2007. Analysis
of diversity and activity of sulphate-reducing bacterial communities on sulphidogenic
bioreactors using 16S rRNA and dsrB genes as molecular markers. Applied and
Environmental Microbiology. 73 (2): 594 — 604.

de Almeida, L.F.S., V. de Matos Beleza, and L.LM.B. Pepeira. 1997. Contribution
of air pollution to the fouling of heat exchangers in cooling water circuits.
Experimental Thermal and Fluid Science. 14: 438-441.

de Bruyn, H.J. 1996. Current corrosion monitoring trends in the petrochemical
industry. International Journal of Pressure Vessels and Piping. 66: 293-303.

de Franga, F.P., and M.T.S. Lutterbach. 1996. Variation in sessile microflora
during biofilm formation on AISI-304 stainless steel coupons. Journal of Industrial
Microbiology. 17: 6-10.

de Roever, EW.F., and I.H. Huisman. 2007. Microscopy as a tool for analysis of
membrane failure and fouling. Desalination. 207 (1-3): 35-44.

Dowling, N.J.E., F. Widdel, and D.C. White. 1986. Phospholipid ester-linked fatty
acid biomarkers of acetate-oxidising sulphate reducers and other sulphide forming
bacteria. Journal of General Microbiology. 132: 1815-1825.

Dowling, N.J.E., F. Widdel, and D.C. White. 1986. Phospholipid ester-linked fatty
acid biomarkers of acetate-oxidising sulphate reducers and other sulphide forming
bacteria. Journal of General Microbiology. 132: 1815-1825.

DWAF (Department of Water Affairs and Forestry, Republic of South Africa).
1997. Overview of water resources availability and utilisation in South Africa.

DWAF (Department of Water Affairs and Forestry, Republic of South Africa).
2004a. National Water Resources Strategy. First Edition.

DWAF (Department of Water Affairs and Forestry, Republic of South Africa).
2004b. Internal strategic perspective. Vaal River system: Overarching.

El-Baradei, G., A. Delacroix-Buchet, and J. Ogier. 2007. Biodiversity of bacterial
ecosystems in traditional Egyptian domati cheese. Applied and Environmental
Microbiology. 73 (4): 1248-1255.

95




Fang, J. and R.H. Findlay. 1996. The use of a classic lipid extraction method for
simultaneous recovery of organic pollutants and microbial lipids from sediments.
Journal of Microbiological Methods. 27: 63-71.

Flemming, H.C., A. Tamachkiarowa, J Klahre, and J. Scmitt, J. 1998.
Monitoring of fouling and biofouling in technical systems. Water Science and
Technology. 38 (8-9): 291-298.

Fonseca, A.C., R.S. Summers, and M.T. Hernandez. 2001. Comparative
measurements of microbial activity in drinking water biofilters. Water Research. 35:
3817-3824.

Foti, M., D. Y. Sorokin, B. Lomans, M. Mussman, E.E. Zacharova, N.V. Pimenov,
J.G. Kuenen and G. Muyzer. 2007. Diversity, activity, and abundance of sulphate-
reducing bactria in saline and hypersaline soda lakes. Applied and Environmental
Microbiology. 73 (7): 2093-2100.

Frostegard, A., A. Tunlid, and A. Baath, A. 1993. Phospholipid fatty acid
composition, biomass and activity of microbial communities from two soil types
experimentally exposed to different heavy metals. Applied and Environmental
Microbiology. 59 (11): 3605-3617.

Frostegard, A., and E. Baath. 1996. The use of phospholipid fatty acid analysis to
estimate bacterial and fungal biomass in soil. Biology and Fertility of Soils. 22: 59-
65.

Gafan, G.P., V.S. Lucas, G.J. Roberts, A. Petrie, M. Wilson, and D.A. Spratt.
2005. Statistical Analyses of Complex Denaturing Gradient Gel Electrophaoresis
Profiles. Journal of Clinical Microbiology. 43 (8): 3971-3978.

Garland, J.L. and A.L., Mills. 1991. Classification and characterisation of
heterotrophic microbial communities on the basis of patterns of community-level sole
carbon source utilisation. Applied and Environmental Microbiology. 57, 2351-2359.

Garrett-Price, B.A., S.A. Smith, R.L. Watts, J.G. Knudsen, W.J. Marner, and J.W.
Suitor. 1985. Fouling of heat exchangers: Characteristics, costs, prevention,
control, and removal. Noyes Publications. Park Ridge, New Jersey, U.S.A.




Gaylarde, C.C., and L.H.G Morton. 1997. The importance of biofilms in microbial
deterioration of construction materials. Revista de Microbiologia. 28: 221-229.

Gillian, F.T., and R.W. Hogg. 1984. A method for the estimation of bacterial
biomass and community structure in mangrove associated sediments. Journal of
Microbiological Methods. 2: 275-293.

Gleick, P. H., A. Singh and H. Shi. 2001. Emerging threats to the world’s
freshwater resources. A report of the Pacific Institute for Studies in Development,
Environment and Security. Oakland, California.

Guckert, J.B., C.P. Antworp, P.D. Nichols, and D.C. White. 1985. Phospholipid,
aster-linked fatty acid profiles as reproducible assays for changes in prokaryotic
community structure of estuarine sediments. FEMS Microbial Ecology. 31: 147-
158.

Guckert, J.B., D.B., Ringelberg, D.C., White, R.S., Hanson, and B.J., Bratina.
1991. Membrane fatty acids as phenotypic markers for the polyphasic approach to
taxonomy of methylotrophs within the Proteobacteria. Journal of General
Microbiology. 137: 2631-2641.

Hamilton, W.A. 1985. Sulphate reducing bacteria and anaerobic corrosion. Annual
Reviews in Microbiology. 39: 195-217

Hernesmaa, A., K. Bjorklof, O. Kiikkila, H. Fritze, K. Haahtela, M. Romantschuk.
2005. Structure and function of microbial communities in the rhizosphere of Scots
pine after tree-felling. Soil Biology & Biochemistry. 37: 777-785.

Hedrick, D.B., A. Peacock, J.R. Stephen , S.J. Macnaughton , J. Bruggemannb,
and D.C. White. 2000. Measuring soil microbial community diversity using polar
lipid fatty acid and denaturing gradient gel electrophoresis data. Journal of
Microbiological Methods. 41: 235-248.

Holt, J.G., N.R. Krieg, P.H.A. Sneath, J.T. Staley, and S.T. Williams. 1994.
Bergey's manual of determinative Bacteriology. 9" Edition. 580. Edited by Hensyl,
W.R. Williams & Wilkins. Baltimore.

97




Hopton, J.W., U. Melchiorri-Santolini, and Y.l. Sorokin. 1972. Enumeration of
viable celis of microorganisms by plate count technique. In: Techniques for the
assessment of microbial production and decomposition in fresh waters. Edited by
Sorokin, Y.l. and Kadota, H. Blackwell scientific publications. Oxford. London.

lbekwe, A.M., A.C.. Kennedy, J.J. Halvorson, and C. Yang. 2007.
Characterization of developing microbial communities in Mount St. Helens
pyroclastic substrate. Soil Biology & Biochemistry. 39: 2496-2507.

lverson, W.P. 1987. Microbial corrosion of metals. Advances in Applied
Microbiology. 32: 1-36.

IWS (The Industrial Water Society). 1994. Cooling water treatment. A code of
practice.

Jack, R.F., D.B. Ringelberg, and D.C. White. 1992. Differential corrosion rates of
carbon steel by combinations of Bacillus sp., Hafnia alvei and Desulfovibrio gigas
established by phospholipid analysis of electrode biofilm. Corrosion Science. 33
(12): 1843-1853.

Jacobs, L., E.E. De Bruyn, and T.E. Cloete. 1996. The use of biodispersants
available for biofouling control in industrial water systems. WRC Report No.
592/1/97. |

Jiang H., H. Dong, G. Zhang, B. Yu, L.R. Chapman, and M.W. Fiel_ds. 2006.
Microbial Diversity in Water and Sediment of Lake Chaka, an Athalassohaline Lake
in Northwestern China. Applied and Environmental Microbiology. 72 (6): 3832—
3845,

Jonkers, H.M., R. Ludwig, R. De Wit, O. Pringault, G. Muyzer, H. Niemann, N.
Finke and D. De Beer. 2003. Structural and functional analysis of a microbial mat
ecosystem from a unique permanent hypersaline inland lake: ‘La Salada de
Chiprana’ (NE Spain). FEMS Microbiology Ecology. 44 {2): 175-188.

Kawai, M., E. Matsutera, H. Kanda, N. Yamaguchi, K. Tani, and M. Nasu. 2002.
16S Ribosomal DNA-based analysis of bacterial diversity in purified water used in
Pharmaceutical Manufacturing Processes by PCR and Denaturing Gradient Gel
electrophoresis. Applied and Environmental Microbiology. 68 (2): 699-704.

98




Kehrmeyer, S.R., B.M. Appelgate, H.C. Pinkart, H.C. Hedrick, D.C. White, and
G.S. Sayler. 1996. Combined lipid/DNA extraction method for environmental
samples. Journal of Microbiological Methods. 25: 153-163.

Kelly, J.J., and L.T., Robert. 1998. Use of Biolog for the analysis of microbial
communities from zinc contaminated soils. Journal of Environmental Quality. 27(3):
600-608.

Keweloh, H. and H.J. Heipieper. 1996. Trans-unsaturated fatty acids in bacteria.
Lipids. 31 (2): 129-135.

Kieft, T.L., D.B. Ringelberg, and D.C. White. 1994. Changes in Ester-Linked
Phospholipid Fatty Acid Profiles of Subsurface Bacteria during Starvation and
Desiccation in a Porous Medium. Applied and Environmental Microbiology. 60 (9):
3292-3299.

Kim, W.T., Y.l. Cho, and C. Bai. 2001. Effect of electronic anti-fouling treatnﬁent on
fouling mitigation with circulating cooling-tower water. International Communications
in Heat and Mass Transfer. 28 (5): 671-680.

Kobrin, G. 1994. MIC causes stainless steel tube failures - despite high water
velocity. Material Performance. 62-63.

Kowalchuk, G A, S Gerards, and J W Woldendorp. 1997. Detection and
characterization of fungal infections of Ammophila arenaria (marram grass) roots by
denaturing gradient gel electrophoresis of specifically amplified 18s rDNA. Applied
and Environmental Microbiology. 63(10): 3858-3865.

Kozdroj, J. and J.D. van Elsas. 2001. Structural diversity of microbial
communities in arable soils of a heavily industrialised area determined by PCR-
DGGE fingerprinting and FAME profiling. Applied Soil Ecology. 17: 31-42.

Kukulka, D.J., and M. Devgun. 2007. Fluid temperature and velocity effect on
fouling. Applied Thermal Engineering. 27: 2732-2744.

Kumar, C.G., and S.R. Anand. 1998. Significance of microbial biofilms in food
industry. International Journal of Food Microbiology. 42: 9-27.




Lee, S.H., and Y.I. Cho. 2002. Study of the performance of physical water
treatment with a solenoid coil to prevent mineral fouling. Part 1: Effect of a side-
stream filtration. International Communications in Heat and Mass Transfer. 29 (2):
145-156.

Lehtola, M.J., M. Laxander, L.T. Miettinen, A. Hirvonen, T. Vartiainen, P.J.
Martikainen. 2006. The effects of changing water flow velocity on the formation of
biofims and water quality in pilot distribution system consisting of copper or
polyethylene pipes. Water Research. 40: 2151 — 2160. '

Lewandowski, Z., W. Dickinson, and W. Lee. 1997. Electrochemical interactions
of biofilms with metal surfaces. Water Science and Technology. 36 (1): 295-302.

Little, B.J., R.l. Ray, and P.A. Wagner. 1998. Tame microbiologically influenced
corrosion. Chemical Engineering Progress. 51-60.

Ludensky, M. 2003. Control and monitoring of biofilms in industrial applications.
International Biodeterioration & Biodegradation. 51 (4): 255-263.

Macnaughton,. S.J., T.L. Jenkins, S. Alugupallis, and D.C. White. 1997.
Quantitative sampling of indoor air biomass by signature lipid biomarker analysis.
American Industrial Hygiene Association Journal. 58: 270-277.

Macnaughton, S.J., J.R. Stephen, A.D. Venosa, G.A. Davis, Y. Chang, and D.C.
White. 1999. Microbial Population Changes during Bioremediation of an
Experimental Oil Spill. Applied and Environmental Microbiology. 65 (8): 3566-3574.

Maniatis, T., E.F. Fritsch and J. Sambrook. 1989. Molecular cloning: A laboratory
manual. Cold Spring Harbour laboratory, New York, USA.

Marin-Cruz, J., R. Cabrera-Sierra, M.A. Pech-Canul, and I. Gonzalez. 2006. EIS
study on corrosion and scale processes and their inhibition in cooling system media.
Electrochimica Acta. 51: 1847-1854.

Martinez, S.S., A.A. Gallegos, and E. Martinez. 2004. Electrolytically generated
silver and copper ions to treat cooling water: an environmentally friendly novel
alternative. International Journal of Hydrogen Energy. 29: 921 — 932.

100




McCoy, W.F., E.J. Allain, S. Yang, and A.W. Dallmier. 1998. Strategies used in
nature for microbial fouling control: applications for industrial water treatment.
Corrosion 98. No. 520: 520/1-520/11.

Melchiorri-Santolini, U. 1972. Enumeration of microbial concentration in dilution
series (MPN). In: Techniques for the assessment of microbial production and
decomposition in fresh waters. Edited by Sorokin, Y.I. and Kadota, H. Blackwell
scientific publications. Oxford. London.

Melidis, P., M. Sanozidou, A. Mandusa, and K. Quzounis. 2007. Corrosion
control by using indirect methods. Desalination. 213: 152-158

Moesender, M.M., J.M. Arrieta, G. Muyzer, C. Winter, and G. Herndi. 1999.
Optimisation of terminal-restriction fragment length polymorphism analysis for
complex marine bacterioplankton communities and comparison with denaturing
gradient gel electrophoresis. Applied and Environmental Microbiology. 65 (8):
3518-3525.

Montville, T.J., N. Parris, and L.K. Conway. 1985. Influence of pH on organic
acid production by Clostridium sporogenes in test tube and fermenter cultures. 49
(4): 733-736.

Muller, A.K., K. Westergaard, S. Christensen, and S.J. Sorensen. 2001. The
effect of long term mercury pollution on the soil microbial community. FEMS
Microbiology Ecology. 36: 11-19.

Muyzer G. 1999. DGGE/TGGE a method for identifying genes from natural
ecosystems. Current Opinion in Microbiology. 2: 317-322.

Muyzer, G., E. de Waal, and A.G. Uitterlinden. 1993. Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction amplified genes coding for 16S rRNA. Applied and
Environmental Microbiology. 59 (3): 695-700.

Nielsen, P.H., A, Jahn, and R. Palmgren. 1997. Conceptual modei for production
and composition of exopolymers in biofims. Water Science and Technology. 36
(1): 11-19.




Nightingale, Z.D., J.B. Blumberg, and G.J. Handelman. 1999. Purification of fatty
acid methyl esters by high-performance liquid chromatography. Journal of
Chromatography B. 732: 495-500.

Odom, J.M. 1990. Industrial and environmental concerns with sulphate-reducing
bacteria. ASM News. 59 (9): 473-476.

Palojarvi, A., S. Sharman, A. Ranger, M. von Lutzow, and H. insam. 1997.
Comparison of Biolog and phospholipid fatty acid patterns to detect changes in
microbial community. [n: Microbial communities. 37-48. Edited by Insam, H. and
Ronnger, A. Springer.

Pennanen, T., J. Perkiomaki, O. Kiikkila, P. Vanhala, S. Neuvonen, and H.
Fritze. 1998. Prolonged, simulated acid rain and heavy metal deposition. FEMS
Microbiology Ecology. 27: 291-300.

Pennanen, T., L., Paavolainen, and J. Hantula. 2001. Rapid PCR-based method
for the direct analysis of fungal communities in complex environmental samples.
Soil Biology & Biochemistry. 33: 697-699.

Perkiomaki, J., A. Tom-Petersen, O. Nybroe, and H. Fritze. 2003. Boreal forest
microbial community after long-term field exposure to acid and metal pollution and its
potential remediation by using wood ash. Soil Biology & Biochemistry. 35: 1517-
1526.

Peterson, $.0., and M.J. Klug. 1994. Effects of sieving, storage and incubation
temperature on the phospholipid fatty acid profile of a soil microbial community.
Applied and Environmental Microbiology. 60 (7): 2421-2430.

Picon-Nunez M., C. Nila-Gasca, and A. Morales-Fuentes. 2007. Simplified model
for the determination of the steady state response of cooling systems. Applied
Thermal Engineering. 27: 1173-1181.

Poerschmann, J., D. Fabbri, and T. Gorecki. 2007. Investigation of the solvent
extracts of humic organic matter (HOM) isolated from the Ravenna Lagoon to study
environmental pollution and microbial communities. Chemosphere. 70: 206-214.

102




Poulton, W.1.J., T.E. Cloete, and A. von Holy. 1995. Microbiological survey of
open recirculating cooling water systems and their raw water supplies at twelve
fossil-fired power stations. Water SA. 21 (3): 357-364.

Qureshi B.A., and S.M. Zubair. 2006. A complete model of wet cooling towers with
fouling in fills. Applied Thermal Engineering. 26: 1982—1989

Rafiqul, 1., B. Lugang, Y. Yan, and T. Li. 2000. Study on co-liquefaction of coal
and bagasse by factorial experiment design method. Fuel Processing Technology.
68: 3—-12.

Rakanta, E., E. Daflou, and G. Batis. 2007. Evaluation of corrosion problems in a
closed air-conditioning system: a case study. Desalination. 213: 9 -17.

Rasmussen L.D., and S.J. Sgrensen. 2001. Effects of mercury contamination on
the culturable heterotrophic, functional and genetic diversity of the bacterial
community in soil. FEMS Microbiology Ecology. 36 (1): 1-9 '

Rao, T.S., T.N. Sairam, B. Viswanathan, K.V.K. Nair. 2000. Carbon steel
corrosion by iron oxidising and sulphate reducing bacteria in a freshwater cooling
system. Corrosion Science. 42: 417-1431.

Ringelberg, D., M. Richmond, K. Foley, and C. Reynolds. 2007. Utility of lipid
biomarkers in support of bioremediation efforts at army sites. Journal of
Microbiological Methods. Article in press.

Rosmaninho, R., G. Rizzo, H. Muller-Steinhagen, and L.F. Melo. 2008.
Deposition from a milk mineral solution on novel heat transfer surfaces under
turbulent flow conditions. Journal of Food Engineering. 85: 29-41.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual. Second edition. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York, USA.

Santegoeds, C.M., T.G. Ferdelman, G. Muyzer, and D. de Beer. 1998. Structural
and functional dynamics of Sulphate-Reducing populations in bacterial biofilms.
Applied and Environmental Microbiology. 64 (10): 3731-3739.

103




Shannon, A.E. and W. Weaver. 1963. The Mathematical Theory of
Communication. University of lllinois Press, Urbana, IL.

Sheffield, V. C., D. R. Cox, L. S. Lerman, and R. M. Myers. 1989. Attachment of
a 40-base-pair G+C-rich sequence (GC-clamp) to genomic DNA fragments by the
polymerase chain reaction results in improved detection of single base changes.
Proceedings of the National Academy of Sciences, USA. 86: 232-236.

Sievert., S.M., T. Brinkhoff, G. Muyzer, W. Ziebes, and J. Kuever. 1999. Spatial
heterogeneity of bacterial populations along an environmental gradient at a shallow
submarine hydrothermal vent near Milos island (Greece). Applied and
Environmental Microbiology. 65 (9): 3834-3842.

Smith, C.A., C.B. Pheifer, S.J. Macnaughton, A. Peacock, R.S. Burkhalter, R.
Kirkegaard, and D.C. White. 2000. Quantitative lipid biomarker detection of
unculturable microbes and chlorine exposure in water distribution system biofilms.
Water Research. 34 (10): 2683-2688.

Smith, C., P.P. Coetzee, and J.P. Meyer. 2003. The effectiveness of a magnetic
water treatment device on scaling in domestic hot-water storage tanks. Water SA.
29 (3): 231-236.

Soini, S.M., K.T. Koskinen, M.J. Vilenius, J.A. Puhakk. 2002. Effects of fluid-flow
velocity and water quality on planktonic and sessile microbial growth in water
hydraulic system. Water Research. 36: 3812-3820

Spring, S., R. Schulze, J. Overmann, and K. Schleifer. 2000. Identification and
the characterisation of ecologically significant prokaryotes in the sediment of fresh
water lakes: molecular and cultivation studies. FEMS Microbiology Reviews. 24:
573-590.

Tanji, Y., T. Nishihara, and K Miyanaga. 2007. Monitoring of biofilm in cooling
water system by measuring lactic acid consumption rate. Biochemical Engineering
Journal 35: 81-86.

Temina, M., H. Rezankova, T. Rezanka, and V.M. Dembitsky. 2007. Diversity of
the fatty acids of the Nostoc species and their statistical analysis. Microbiological
Research. 162: 308-321.




Tiedt, L.R.,, A. Swart, and M. Bogale. 1999. The association between
Aphelenchoides ensete n. sp. and Xanthomonas campestris in the infection of
Ensete ventricosum in Ethiopia.  Microscopy society of Southern Africa —
Proceedings. 29: 81.

Tsai, Y. 2006. Interaction of chlorine concentration and shear stress on chlorine
consumption, biofilm growth rate and particie number. Bioresource Technology 97:
1912-1919.

van Agtmaal, J., H. Huiting, P.A. de Boks, L.L.M.J. Paping. 2007. Four years of
practical experience with an Integrated Membrane System (IMS) treating estuary
water. Desalination 205: 26-37.

van de Venter, E. 2005. Sasol-Lurgi Coal Gasification Technology and Low Rank
Coal. Gasification Technologies Council Conference. 10-12 October 2005. San
Francisco.

van Dyk, J.C., M.J. Keyser, M. Coertzen. 2006. Syngas production from South
African coal sources using Sasol-Lurgi gasifiers. International Journal of Coal
Geology. 65: 243-253.

van Nierop, P., H.B. Erasmus, and J.W, van Zyl. 2000. Sasol's achievements in
the 20™ century as a building block for the 21%'. Presentation to the Gasification
Technologies Council Conference, 8-11 October 2000, San Francisco, California,
USA.

Vester, F. and K. Ingvorsen. 1998. Improved most probable number method to
detect sulphate-reducing bacteria with natural media and a radiotracer. Applied and
Environmental Microbiology. 46 (5): 1700- 1707.

Villanueva, L., A. Navarrete, J. Urmeneta, D.C. White, and R. Guerrero. 2004.
Combined phospholipid biomarker-16S rRNA gene denaturing gradient gel
electrophoresis analysis of bacterial diversity and physiological status in an intertidal
microbial mat. Applied and Environmental Microbiology. Nov: 6920-6926.

von Holy, A. 1985. Microbiological corrosion. Paper Southern Africa. 12-16.

von Holy, A. 1987. New approaches to microbiologically induced corrosion. Water
Sewage and Effluent. 39-44.

105




von Regé, H.,, and W. Sand. 1998. Evaluation of biocide efficacy by
microcalorimetric determination of microbial activity in biofilms.  Journal of
Microbiological Methods. 33: 227-235.

Watanabe, K., Y. Komoda, and S. Harayama. 2001. Design and evaluation of
PCR primers to amplify 16S ribosomal DNA fragments for community fingerprinting.
Journal of Microbiological Methods. 44: 253-262.

Weissman J. C., J. C. Radway, E. W. Wilde, and J. R. Benemann. 1998. Growth
and production of thermophilic cyanobacteria in a simulated thermal mitigation
process. Bioresource Technology. 65: 87-95.

White, D. C. and D.B. Ringelberg. 1998. Signature Lipid Biomarker Analysis In:
Techniques in Microbial Ecology. Edited by Burlage, R. S., Atlas, R., Stahl, D.,
Geesey, G. and Sayler, G. Oxford University Press. New York. 255-272.

White, D.C., A.A. Arrage, D.E. Nivens, R.J. Paimer Jr, J.F. Rice, and G.S. Sayler.
1996. Biofilm ecology: oniine methods bring new insights into MIC and microbial
biofouling. Biofouling. 10 (1-3): 3-16.

White, D.C., D.B. Ringelberg, and R.J. Palmer. 1996b. Quantitative comparison
of the in situ microbial communities in different biomes. Seventh international
symposium on microbial ecology, Santos, Brazil.

White, D.C., J.O. Stair, and D.B. Ringelberg. 1996c. Quantitative comparisons of
in situ microbial diversity by signature biomarker analysis. Journal of Industrial
Microbiology. 17: 185-196.

White, D.C., R.J. Palmer Jr, M. Zinn, C.A. Smith, R. Burkhalter, S.J.
Macnaughton, K.W. Whitaker, and R. Kirkegaard. 1998. Manipulation of biofilm
microbial ecology. Proceedings of the Eighth International Symposium on Microbial
Ecology, Halinax Nova Scotia. August 9-14, 1998.

White, D.C., R.D. Kirkegaard, R.J. Palmer Jr, C.A. Flemming, G. Chen, K.T.
Leung, C.B. Phiefer, and A.A. Arrage. 1999. The biofilm ecology of microbial
biofouling, biocide resistance and corrosion. Proceedings of the Symposium on
Biofilms in Aquatic Systems, Royal Soc. Chem.

106




Winding, A., K. Hund-Rinke, and M. Rutgers. 2005. The use of microorganisms
in ecological soil classification and assessment concepts. Ecotoxicology and
Environmental Safety. 62. 230-248.

Wolfaardt, G.M. and T.E., Cloete. 1992. The effect of some environmental
parameters on surface colonization by microorganisms. Water Research. 26 (4):
527-537.

Yang, C., Y. Qian, L. Zhang, and J. Feng. 2006. Solvent extraction process
development and on-site trial-plant for phenol removal from industrial coal-
gasification wastewater. Chemical Engineering Journal. 117: 179-185.

Zelles, L. 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the
characterisation of microbial communities in soil: A review. Biology and Fertility of
Soils. 29. 111-129.

Zhang, M., J.H. Tay, Y. Qian, and X.S. Gu. 1998. Coke plant wastewater treatment
by fixed biofilm system for COD and NH3-N removal. Water Research. 32 (2): 519-
527.

Zhang, Y.L., J.L. Dai, R.Q. Wang, and J. Zhang. 2008. Effects of long-term
sewage irrigation on agricultural soil microbial structural and functional
characterizations in Shandong, China. European Journal of Soil Biology. 44: 84—
01.

107




APPENDIX

Table A1. Fouling, scaling and corrosion rates of the corrosion coupons and heat
exchanger tubing with standard deviations shown in parenthesis. R1 1% Coupon
denotes the corrosion coupons in the first corrosion coupon phase in cooling tower 1.
R1 2™ Coupon denotes the corrosion coupons in the second corrosion coupon phase
in cooling tower 1. R1 Tube denotes the heat exchanger tubes in cooling tower 1.
Substitute R1 with R2 for cooling tower 2.

FoulingRate | ScalingRate | Corrosion Rate
mg/dm2/id |  mg/dm2/d mmly

R1 1% Coupon 107.17 (14.43) | 44.26 (13.45) 0.51 (0.05)
R2 1% Coupon 114.85 (19.31) 23.50 (17.09) 0.46 (0.04) ﬁ
R1 2" Coupon 91.54 (5.97) 39.88 (4.74) 0.42 (0.04)
R2 2™ Coupon 88.08 (7.11) 40.10 (14.51) 0.52 (0.02)
Fm Tube 26.55 (8.43) 19.99 (5.75) 0.06 (0.06) |
IR2 Tube 47.01 (4.36) 31.73(4.07) | 0.20(0.04)

Table A2, Cooling tower 1 and 2 Tukey’s HSD analysis resuits (p<0.05 = statistical
difference). Statistical Difference shown in red.

FOULING FOULING
I —
| l
Sample | R1 Tubes R1 Coup1 ' R1 Coup2 Sample R2 Tubes | R2 Coup1 | R2 Coup2
— ; T 1
£1 Tubes | ] 0.000198 | 0. 000202 | R2 Tubes | 0.0002 , 0.000808
—“"__‘ |
R1 Coup1 ' O 000198 ) ’ 0. 152448 R2 Coup1 | 0.0002 | ' 0 013368
L_ T — | e _ﬁ A
R1 Coup2 [ 0 000202 | 0.152448 | R2 Coup2 0. 000808 08 | 0.013368 |
SCALING - SCALING |
Sample R1 Tubes R1 Coup1 1 R1 Coup2 | Sample | R2 Tubes | R2 Coup1 | R2 Coup2
sl P SR et Bt —_— L . S| | —_—
R1 Tubes | | 0.006543 | 0.021395 | R2 Tubes |
S | s : , | 0.592938 & 0.583402
R1 Coup1 ? 0006543 | | 0.766484 | R2 Coup1 | | o 0592038 ' 0.155114
. ol
R1 Coup2 | 0.021395 1 0.766484 | R2Coup2 = 0583402  0.155114
CORROSION CORROSION
R — _— SRR
r
Sample { R1 Tubes | R1 Coup1 ' R1 Coup2 Sample | R2 Tubes R2 Coup1 | R2 Coup2
R1 Tubes { ’ 0.000198 | 0.000203 | R2 Tubes E ) 0.000199 | 0. 000198
B3 e .
R1 Coup1 | 0.000198 ‘ 0.182169 R2 Coup1 l 0.000199 | l 0.130007
R o | I T
R1 Coup2  0.000203 | 0.182169 | R2Coup2 | 0.000198 | 0.130007

108



601

‘Alonoadsal ‘'z pue | 1emo) Buijooo

woJ} Buigny 1ebueyoxe jeay 8y} alousp gagny pue Lagn) AjsAloadsal 'z pue | Jamol Buijooo wody suodnoo uo1sou09 8y sjouap zdnog

pue |dnoy “Ajpanoadsal ‘g pue | siamo) Buijooo ul sajel (0) ucisolloo pue (g) Bujjeos (e) Bujnoy ayj Jo jojd 1aysiyum pue xog ‘LY ainbi4

dnvs T1dNYS
g d d Y aqn) 7y zdnaD zy 1dnog zx agn] 7y "
g 3anL z zdnod 2y 1dneg z : g
sngslepe o zdnog zy 1dned 2y any zy ‘o .
WEL%EZ (] | . -
Xep-uN T | i_H _oF .. , )
, 1 | |
_ | o z0 m “
| | Y,
T 0 i
. o
| ; m n = m ‘ T 05 S
_ < :
, 3 ! . oe 3 b z
4 @ _ 3 o
| " ) ._! ! _ v ' 1041
0 o _ = ay t o . _
_ — | L | . |
, ﬁ |
. | | ‘ osl
* - | L 150 7 06 |
= o , _
| 061
g — pg —— .
. . e) z
_ ONINOA 10id 831U & %08 (
OISOYHOD 101d Jo¥SHM 3 %08 () ONITYIS 101 RUSIUM § %08 (a)
I1dMVS
TdAVS
o dnog 1dneg 1y aqn) 1y zdnog 1y Jdnog 1y agnL 1y 3
5 d aqny | zdnog |y d
anjga LBIPB O ‘INQ:DL %<} Lanod 1y SRS ] 7 ‘o ; im ;
BGLWEL 1| q | ; — | o2
B \1_|1|_ o | 5t — ﬁ _
Wn ; ‘ Lop
_ F‘c | .7
& B 162 !
. M
| S 8 _ )
,V 0 w _W m
| 8 - w S | 2
| g , A 2 o | Log
| 4 [ | f
[ — s g | o _
| | | o | 00t
” v' ) lyo ; |
_ ‘ |
_ o | & A‘| | fozy
| 50
t o *
| — i — g ———nl
e - 90 — -
ONIINOA 101 S § %08 () "L
OISOMHOD 101d J2¥SIUM § X0g on SNITYIS 10/3 9N8UM B x08 An:




APPENDIX B

Table B1. Randomised factorial experimental design matrix.
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Table B2. fouling, scaling and corrosion rates of the first corrosion coupon phase,

second corrosion coupon phase and heat exchanger tubing.

First Corrosion Coupon Phase

i Experiment Fouling (mg/dm®/d) | Scaling (mg/dm*/d) | Corrosion (mmjy)
Experiment 1 130.358 11.717 0.779
Experiment 2 111.242 17.315 0.541
Experiment 3 104.189 10.702 0.550
Experiment 4 119.848 24.749 0.525
Experiment 5 97.952 8.106 0.265
Experiment 6 108.617 11.046 0.315
Experiment 7 102.922 10.530 0.618
Experiment 8 92.663 | 7.307 0.543 |

Experiment

Second Corrosion Coupon Phase

Fouling (mg/dm®/d)

Scaling (mg/dm®/d)

Corrosion (mmly)

Experiment 1 112.122 29.481 0.884
Experiment 2 125.475 24.004 0.837
Experiment 3 108.740 24.085 0.663
Experiment 4 125.543 25.967 0.665
Experiment 5 85.810 16.643 0.415
Experiment 6 91.531 18.291 0.376
Experiment 7 109.306 22.388 0.814
Experiment 8 122.197 25.586 0.667

Heat Exchanger Tubing

=

Experiment g g (mg/dm?d) | Scaling {(mg/dm?/d) | Corrosion (mmly) j
Experiment 1 54.338 15.743 0.402
Experiment 2 79.243 32.644 0.548
Experiment 3 72.631 27.059 0.451
Experiment 4 59.087 13.998 0.280
Experiment 5 62.170 7.545 0.202
Experiment 6 68.804 26.150 0.272
Experiment 7 29.245 6.527 0.375
Experiment 8 | 21.402 7.474 0.389
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Table B3. DNA concentrations obtained from the respective samples.

Sample DNA Concentration (ng / pl) | DNA Purity (260nm / 280nm) |
Experiment 1 P | 27.19 | 1.271 |
Experiment 1 § | 16.095 1.312 |
Experiment2 P | 5.315 - 1.572 _J
Experiment2 S | 4.995 1.401 L
Experiment3 P | 9.03 1.6 - _i
Experiment 3 S | 1.33 2.440 |
Experiment4 P_| 10.695 1.548 j
Experiment4 S | 0.25 ] )
| Experiment 5 P | 25.735 | 1.746 |
Experiment5S | 4.135 1.52 ‘
Experiment6 P | 10.365 1.965
| Experiment7 P | 3.485 1.648
Experiment7 S | 9.71 1.306
Experiment 8 P | 1.26 2.377
Experiment8 S | 11.58 1.318
Table B4. PCR reaction mixtures for the determination of the effects of the addition
of additional Taq, BSA, glycerol and MgCl..
Reagent 1 2 3 |4 |5 6 7 '8
Master Mix (uh) 125 125 |1256 [125 (125 [125 [125 |125
Additional Tag (U) 1 0 1 0 1 0 0 0
HoO (ul)y 35 4.5 4.5 5.5 45 |55 6.5 10.5
Primer Mix (pmol) | 50 50 50 50 50 150 50 50
BSA (ng) 50 50 50 50 0 |0 0 0 |
Glycerol (6%) Tul 1pl 0 0 1ul 1u 0 0
| MgCl, (mM) 4 4 4 4 4 4 4 0
DNA Tl 1ul Tl 1l 1ul Tul Tl Tyl
Table B5. Optimisation of the concentration of MgCl; to be added to the PCR
mixture.
Reagent 1 2 3 4 5 ]
Master Mix (ul) 12.5 125 12.5 12.5 12.5 |
Additional Tag (U) 1u 1u | 1u 1u 1u J
H,O {ul) 5:5 8.5 7.5 8.5 9.5
Primer Mix (pmol) 1 1 1 1 1 B
BSA (ng) 1 1 1 1 1 |
MgCl, (mM) 4 3 2 1 0 |
| DNA (ul) 1 1 1 1 | 1 ]
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