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Abstract
Chlorine, when used as a secondary disinfectant in the distribution network (DN) undergoes many
concurrent reactions on way to consumer’s tap. These reactions results in chlorine residual decrease,
commonly termed as chlorine decay, resulting in failure of this barrier against microbial contamination.
This chlorine decay poses a serious threat to community health. The major part of this chlorine decay is
attributed to generation of total Trihalomethanes (TTHMs) which is reported as a function of various
environmental factors including organic precursor type like humic acid (HA) or fulvic acid (FA), bromide
ion, applied chlorine, pH and reaction time. Therefore aim of this study was to investigate effect of
various environmental factors on TTHMs formation leading to chlorine decay in a DN. For this, a prototype DN was established and design expert software (Trial version 9, Stat-Ease Inc., MN) coupled with
central composite design (CCD) was used to model chlorine decay along with monitoring of TTHMs
speciation as a function of various precursors, their ratio and other environmental factors. Results showed
that TTHMs formation and speciation specially brominated species are dependent on HA, Br-, water pH
and time. Multifactorial optimization showed that the pH regions between range of 6.5-7.5 and HA: Brratio between the range of 3.0 - 6.0 was satisfactory for maintaining TTHMs below recommended
concentration of 80µg/L in the proto-type DN. It was also analyzed that their respective concentration
may be minimized by changing precursor’s individual concentration or possible combinations of
precursor’s molecules/ions like HA and Cl-HA and Br- and Br- & Cl-.

Furthermore efficiency of chlorine residuals to inactivate an accidental microbial intrusion
entering DN and optimization of time required for combating this microbial intrusion were also analyzed.
For this purpose, a known amount of chlorine residuals were maintained in proto-type DN and a required
number of bacteria, Escherichia coli K12 were introduced in pipe loop system. It was observed that in
combatting accidental microbial episode, efficiency of chlorine residuals is governed by microbes’
concentration entering DN, time period, pipe length, concentration of chlorine residuals and time.
Meanwhile morphology and biodiversity of biofilm was also observed in DN by scanning electron
microscopy (SEM) and polymerase chain reaction (PCR) respectively. Dominant bacterial phyla and
species identified were Bacillus, Pseudomonas, Stenotrophomonas, Exiguobacterium and Xanthomonas.

Beside formation of TTHMs, granulated activated carbons (GAC) and sand dual media column
depths were optimized for effective adsorption of TTHMs and their precursors (TOC) at different pH
17

using RSM-CCD. The rapid small scale column tests (RSSCT) were established to observe removal
efficiency of TTHMs, TOC and residual chlorine. Multifactorial optimization process optimized a 98
percent TTHMs, 30 percent TOC and 51 percent residual chlorine removal simultaneously at 9 cm GAC
and 4 cm of sand column depth at pH 8 with desirability function (D) of 0.64.

The present study provides important insights into the mechanisms of chlorine decay with respect
to TTHMs formation and factors contributing to deterioration of microbiological quality of drinking
water in a DN. The study could be helpful to facilitate the development of effective strategies for
controlling water quality and reducing public health risks from waterborne infectious diseases.
Furthermore modeling approach used in this study may be used to implement water safety plans.
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Chapter 1
INTRODUCTION
Water pollution is one of the major threats to public health in Pakistan. Among all
water pollutants, microbial and chemical pollutants are main factors responsible, either
exclusively or in combination, for various waterborne diseases. Microbial contaminants
may enter drinking water distribution network (DWDN) through negative pressure and
cross connection with other non-potable water pipes. In addition, drinking water quality is
poorly managed and monitored throughout the country. Waterborne infections such as
cholera, typhoid fever and dysentery burden public health system and impose significant
economic losses. An overview of more than 7,000 water samples reviewed here reveals
that an average of over 71 and 58 percent samples in country was contaminated with total
coliforms and fecal coliforms, respectively (Nabeela et al., 2014). This increasing
bacteriological contamination of drinking water and their consequent effects on human
health and environment is an issue of great concern. Being a developing country, a vast
array of problems regarding water quality deterioration and mortality caused by waterborne
diseases are needed to be appropriately addressed.
Coliforms are main indicator microorganisms to indicate microbial contamination
in a distribution network (DN) (Besner et al., 2005). According to Revised Total Coliform
Rule (RTCR), regular bacteria (coliform) monitoring as an indicator for system integrity,
to signal possible fecal contamination, and the presence of waterborne pathogens (US-EPA,
2016). Escherichia coli (E. coli) or thermo tolerant coliform bacteria must not be detected
in 100 ml of drinking water sample (National Drinking Water Quality Standards; NDWQS,
2008; WHO, 2004). Therefore assessment of microbiological safety of drinking water is
based largely on routine monitoring of water supplies for presence of total coliforms and
E. coli (Williams et al., 2003).
The maintenance of safe drinking water with respect to microbiological quality is
often referred to as biological stability of drinking water (Nescerecka et al., 2014). Control
of microbial growth in a DN, often achieved through addition of disinfectants, is essential
to reduce waterborne illnesses, particularly in immune compromised subpopulations (Berry
et al., 2006). Disinfection reduces pathogenic microorganisms to a level designated safe by
public health standards before water reaches any consumer. Chlorine is the most commonly
used disinfectant because of its relatively low cost, indiscriminate disinfection properties
and ability to provide a residual concentration (secondary disinfectant) in the DN. The
addition of sufficient chlorine residuals in drinking water is regarded as one way to achieve
biological stability (Nescerecka et al., 2014). When chlorine is added to water, rapid
hydrolysis forms
hydr
ochloric acid (HCl), hypochlorous acid (HOCl) and a hypochlorite ion (OCl ) as shown:
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C12 +

H

2O

HCl + HOCl …………………. (i)
-

+

HOCl + H2O

H

3O

+ OCl …………….…. (ii)

In water, the distribution of Cl2, HOCl and ClO- is a function of water pH at 25ºC.
With increasing pH at a given temperature, fraction of anionic species increases as shown
in the following graph:

Figure 1.1: Distribution of hypochlorous acid and hypochlorite ion in water at different pH
values and temperature (Brown et al., 2011).
The objective of any DN is to deliver safe drinking water in terms of quality and
quantity to end user. Drinking water chlorination in a DN must achieve an adequate
inactivation of pathogens before the treated water reaches first consumer (primary
disinfection) and be large enough to ensure an adequate residual at periphery of DN to
inhibit bacterial re-growth (secondary disinfection). The residual property of chlorine,
either free chlorine or combined chlorine (chloramines), protects against bacterial
(re)growth on way to consumer’s tap. According to residual chlorine maintenance strategy,
it is essential to have minimum chlorine residual throughout the distribution system either
in the form of HOCl and OCl- at a required concentration level or in the form of chloramines
(Aisopou et al., 2012). The recommended residual chlorine level is 0.2 - 0.5 mg/L (WHO,
2011). In a treatment plant, microbial inactivation by chlorine is mainly related to contact
time (t), concentration of applied chlorine and physico-chemical characteristics of water
like water pH, temperature, total dissolved solids (TDS) and electrical conductivity (EC)
(Robescu et al., 2008). Interaction of chlorine with these parameters leads towards reduced
susceptibility of bacteria to chlorination resulting in high microbiological concentration
downstream in a DN. Thus, chlorine demand and retention time for inactivation of
microorganism vary from one water source to another and also for different water DN
(Mashiatullah et al., 2010).
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Although chlorine residual contributes significantly to inactivation of indicator
bacteria, i.e., fecal coliforms in pipeline, question awaiting an answer is the level of its
inactivation at recommended levels of chlorine residual. Because sometimes chlorination
just injures rather than kill bacteria, which would be able to repair their damaged structures
and grow further away in the distribution network (Srinivasan et al., 2008). Therefore
disinfection efficiency and response of indicator microorganisms like E. coli towards
chlorination and required time to combat accidental microbial intrusion, if occurs on way
to end user, is important to be determined (Yu et al., 2010). There is also a considerable
lack of knowledge about responses of environmental factors and microbial populations to
residual chlorine. Therefore, research for improvements in chlorination process and
provision of bacteriologically safe drinking water is need of time which would ultimately
have an impact on reduction of diarrhea incidence and other waterborne and water related
diseases.
Residual chlorine is reported to be non-persistent in distribution network and
reduces with time due to many concurrent reactions (Mostafa et al., 2013; Nagatani et al.,
2008). The probable reason behind this is reported to be DN structure which is reported to
act as a large biological and chemical reactor where water resides for a considerable time
period where numerous reactions occur on pipe wall and bulk water influencing
bacteriological or chemical quality of water. Various factors are responsible for these
reactions mainly quality of source water (chemical and biological), efficacy and efficiency
of treatment processes, quality of treated water, storage facilities, distribution system age
and maintenance of distribution network. Perhaps later is the most serious aspect of water
quality deterioration in a network which may weaken the final barrier i.e., residual chlorine
against microbial contamination. In this phenomenon, known as chlorine decay, chlorine
residuals disappears along the DN due to many concurrent reactions with aqueous
constituents in bulk water, particulates at and near pipe walls, and sometimes pipe wall
material known as wall component and natural evaporation (Nagatani et al., 2008). This all
may result in diminished water quality in terms of increased water age, reduced disinfectant
residuals, increased growth of disinfectant by products and increased bacterial
contamination levels. Due to this decreased residual chlorine and resultant regrowth of
microorganisms in DN the end user does not get clean and bacteriologically safe drinking
water. As a result, a substantially greater concentration of chlorine must be established at
entry to the distribution system, to achieve management goal of a nominated residual at
system extremities.
Knowledge of residual chlorine concentration at various locations in drinking water
distribution system is essential final check for the quality of water supplied to consumers.
A reduced disinfectant residual concentration may be used to signal that a contamination
event has occurred (Helbling and VanBriensen, 2007). So to achieve this goal, accurate
prediction of disinfectant decay in DN is important to be determined to maintain the water
quality in DN.
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Chlorination of drinking water containing natural organic matter (NOM) mainly
humic acid (HA) leads to formation of disinfection byproducts (DBPs), a major part of
which consists of total trihalomethanes (TTHMs); chloroform (CHCl3 as CF),
bromodichloromethane (CHCl2Br as BDCM), dibromochloromethane (CHClBr2 as
DBCM), and bromoform (CHBr3 as BF). According to researchers, small amount of
TTHMs is formed in treatment plant, while a large amount is formed within the DN. Their
level may increase as chlorinated water moves from the water treatment plant through the
DN because of the continued presence of a chlorine residual in the system (Imo et al.,
2007). An association between ingestion of chlorinated water and various cancers has been
reported, including cancers of esophagus, pancreas, urinary tract, stomach colon and rectal
cancers in addition to reproductive and developmental anomalies in laboratory animals. To
reduce risk of these potentially adverse health effects, US-Environmental Protection
Agency (US-EPA) developed the Stage 1 Disinfectants and Disinfection Byproducts Rule
(D/DBPR) in 1998, which sets the maximum contaminant levels (MCLs) for specific DBPs
most notably the TTHMs is set at 80 µg/L (Cristo et al., 2014; US-EPA, 2004). This has
led to monitoring of their presence in drinking water for regulatory compliance, health risk
assessment, epidemiological evaluation and water quality control purposes (Farmaki et al.,
2012). Therefore strict measures should be enforced to minimize or eliminate their presence
whenever concentration approaches levels of concern.
A DN on the other hand inevitably supports biofilm, a complex mixture of
microbes, organic and inorganic material accumulated amidst a microbially produced
organic polymer matrix, attached to the inner surface of DN, 95 percent of which are
documented to adhere to the surface of pipeline while only 5 percent are present in bulk
water (Nya, 2015; Zhou et al., 2009). This biofilm constitutes one of the major microbial
problems in DN contributing to water quality deterioration because it has been reported to
create a protective and nutritional reservoir for pathogen providing them shelter for their
survival. Furthermore, pathogens in biofilm may potentially survive residual disinfectants
and proliferate to higher abundances under oligotrophic conditions in DN, imposing a
threat to public health (Chao et al., 2015).
Microbial quality in water DN is strongly affected by development of biofilm. The
persistence of waterborne pathogens or microbial contamination in a DN may be attributed
to the continuous presence of biofilm and gradually sloughing off its portion with changing
flow regime in DN (Boe-Hansen et al., 2003). Coliformspresent in biofilm may detach into
flowing water resulting in coliform positive samples. For some systems this phenomenon
reduces usefulness of the coliform test for detecting problems in water treatment or DN
integrity. On the other hand, a coliform positive test resulting from coliform growth in
biofilm may represent a DN deficiency because conditions that permit its proliferation in
biofilm may also permit growth of many other microbes as well, including opportunistic
pathogens (Rind et al., 2014). Therefore monitoring heterotrophic plate count for biofilm
samples alone is not enough to evaluate biological safety and possible health hazards in
DN, as great changes in bacterial structure may occur (Bai et al., 2010).
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All factors mentioned above contribute towards chlorine decay in a DN. So it may
be inferred that chlorine decay is basically due to a complex set of reactions between
chlorine and numerous organic (and inorganic) compounds in bulk water as well as
accidental microbial intrusion in DN. Therefore an understanding of microbial ecology of
distribution systems and its resistance pattern is necessary to be determined to design
innovative and effective control strategies for biofilm development that will ensure safe
and high quality drinking water.
Water treatment plants today have to provide biologically stable water while
meeting allowable concentration limits of TTHMs. In addition, occurrence of TTHMs in
DN and assessment of population exposure to these compounds in tap water currently
constitute an important field of research (Legay et al., 2011). So it is important to
understand response of specific water quality parameters like water pH, HA concentration,
Br- concentration and contact time to applied chlorine dose and response of pathogenic
microorganism to chlorine inactivation. In addition to this, influence of chlorination
parameters on formation of individual THMs species as well as TTHMs should also be
considered. This optimization may allow treatment plants to control formation of regulated
and non-regulated THMs (Platikanov et al., 2010). Although water treatment plants remove
a specified percentage of HA to reduce TTHMs formation potential in a treatment process
and in DN (Lekkas et al. 2009).But TTHMs are hydrophobic and have low molecular
weight, making them difficult to be removed by most physiochemical processes (Zewdu,
2013). Therefore for striking a balance between protection from microbiological risks
and risks connected to TTHMs, it is necessary to maintain a free chlorine residual
above a minimum value and TTHMs concentration below a maximum allowable limit
throughout DN (Cristo et al., 2015).
Therefore, a thorough understanding of the mechanisms of both chlorine decay and
TTHM formation are fundamental for management of TTHMs in a DN. So to understand
the risks of TTHMs formation and the role of contributing factors in TTHMs formation to
develop mitigation strategies in a lab scale distribution rig is the domain to be investigated.
At the moment, to address all the above mentioned issues regarding chlorination for
planning and management applications need for a robust mathematical modeling approach
is being broadly emphasized. Therefore several models were developed regarding
disinfectant decay making it easier to predict chlorine demand after treatment and on way
to consumer’s end. These chlorine decay models may be used to optimize chlorine dosing
and to predict residual concentrations in a water DN. On the other hand, modeling
propagation of chlorine demand signals generated by specific pathogens could aid in
assessment of distribution system vulnerability to foreign microbial intrusion (Helbling and
VanBriesen, 2008). Therefore development of a mathematical model capable of predicting
spatial and temporal variation of bacterial content and disinfectant residual and subsequent
TTHMs formation within a distribution system is the need of hour. The model should also
be capable of reproducing chlorine decay and THMs concentrations in all parts of a water
supply system and combating accidental microbial intrusion.
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For development of a mathematical model, the conventional optimization method i.e.,
changing one factor at a time by keeping other factors constant is a time consuming and
expensive process. Also, this method does not include interactive effects between factors
as well as it does not involve any contour or 3D graphs for visual inspection either. The
response surface methodology (RSM) coupled with central composite design
(CCD) is a powerful statistical technique used to optimize and monitor the performance of
a process with minimum experimental runs (Appavoo et al., 2014) as well as development
of mathematical model with visual graphs and multifactorial optimization process (Cho
and Zho, 2007). It is used to determine optimum operational conditions of a process and to
determine a region that satisfies operating specifications. Due to this reason, RSM-CCD
was employed to observe the effect of various water parameters on chlorine decay and its
model development using proto-type DN.

1.1 OBJECTIVES OF THE STUDY
The study was designed to investigate effect of various chemical and microbial factors
playing their part in chlorine decay, microbial inactivation efficiency, THMs formation and
biofilm development with time in a proto-type DN. The study had following specific
objectives:
•
To carry out chlorine decay study focusing TTHMs formation in a proto-type
distribution network using response surface methodology (RSM)
•

Determination of phylogenetic diversity of biofilm bacteria developed in the prototype distribution network

•

Modeling of TTHMs removal by granulated activated carbon (GAC) and sand dual
media using RSM

1.2 SIGNIFICANCE OF THE STUDY
The model suggested in the present study could establish a mathematical relationship
between interacting variable and resulted responses which may be used by water quality
officials and operators to optimize chlorination conditions to achieve goal of safe drinking
water. Furthermore current research would help to develop guidelines for proper
chlorination system and would improve the existing chlorination practices at treatment
plants and TTHMs removal strategies as well.
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Chapter 2
LITERATURE REVIEW
In Pakistan, contamination of drinking water with municipal sewage as well as
industrial wastes coupled with lack of water disinfection practices are the main causes of
the prevalence of waterborne diseases. Drinking water quality in both urban and rural areas
of Pakistan is not being managed properly. Intermittent water supply is common in
urban areas and outbreaks of gastroenteritis and other water borne diseases have
become a normal feature (Anwar et al., 2010). The poor water quality of drinking water
with respect to bacterial contamination frequently results in high incidence of waterborne
diseases. Typhoid fever is still common and a major cause of morbidity and mortality in
the country. Similarly a number of failures in the DN; loss of adequate disinfectant residual,
low or negative water pressure (which draws pathogens into the water supply from fecally
contaminated material surrounding water pipes), intermittent water supply service and
ageing of infrastructure is resulting in declining the quality of the water supply. Beside this,
there is also a lack of drinking water quality monitoring and surveillance programs in the
country. All these issues encourage growth of microorganisms in the DN (Lee and Schwab,
2005). Results of various investigations provide evidence that most of the drinking water
supplies are fecally contaminated (Qaiser et al., 2014). Evaluation of the treated water
quality in major cities indicates that the water is not suitable for drinking and requires
improvement in conventional treatment followed by implementation of monitoring and
surveillance of the distribution network
(Hashmi et al., 2012).
From the recent monitoring studies, it is evident that drinking water is heavily
polluted with coliforms and fecal coliforms at the source, in the distribution network and
at the consumer tap all over the country (Nabeela et al., 2014). Bacterial contamination in
rural areas is usually expected to be higher than in urban areas. This hypothesis is supported
by studies in the rural area of Punjab, where almost 91 and 96 percent of samples from tap
and domestic pumps were found contaminated with bacteria respectively as compared to
43 percent of tap water samples from urban areas (Azizullah et al., 2011). Pakistan Council
of Research in Water Resources (PCRWR) carried out a detailed water quality monitoring
from 2002 to 2006 in twenty three major cities of the country. The results revealed that
an average of 84-89 percent of water samples is
below the recommended WHO drinking water quality standards for human consumption
all over the country (Ahmed et al., 2013). In Punjab 90 percent of the people suffer from
water borne diseases e.g., dysentery, typhoid, cholera and diarrhea (Hannan et al., 2010).
An overview of more than 7,000 water samples reviewed showed that an average of over
71 and 58 percent domestic samples in the country were contaminated with total coliforms
and fecal coliforms respectively (Nabeela et al., 2014).
In urban areas main water sources are contaminated with municipal waste and septic
tanks while runoff from agriculture and grazing lands, domestic animals and poultry waste
worsen the condition. Approximately 63 percent urban and 61 percent semi urban water
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samples from natural streams of Islamabad district have presence of E. coli for all seasons
while total coliforms and fecal coliforms were 1600 MPN/100 ml as documented by Jadoon
et al. (2012). Anwar et al. (2010) documented that 38 to almost
57 percent of drinking water samples in Rawalpindi/Islamabad were bacteriologically
contaminated. While assessment of microbial contamination of water in terms of total
coliforms and E. coli in different water filtration plants in Islamabad showed both E. coli
and total coliform in 25 percent samples by Nabeela et al. (2014). In the water distribution
network of Ratta Amral, Rawalpindi, Pakistan, the average value of total chlorine at
filtration plant was found to be ranging between 0.0 to1.3 mg/L but chlorine residuals
available at consumer end via distribution network was below detectable level at all
sampling sites even at treatment plants resulted in regrowth of microbial contamination in
the DN (Hashmi et al., 2009). The presence of indicator fecal coliform shows the
probability of the pathogenic microorganisms in the DN. Therefore, in a study by Ahmed
et al. (2014) drinking water samples from Peshawar were found contaminated with E.coli,
Salmonella typhi, Shigella spp, Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumonia and Vibrio cholera. In another study by Ahmed et al. (2004),
presence of pathogenic microbes like Bacillus cereus, Salmonella, Shigella, S. aureus, E.
aerogens, beside E. coli in Rawal, Simly and Khan Pur dams as well as in DN of
Rawalpindi/Islamabad were reported. While Samra et al. (2009) reported prevalence of
Salmonella, Shigella, Staphylococcus, Streptococcus and E. coli in water samples from
Lahore, Pakistan. On the other hand, the absence of an indicator microorganism did not
ensure the absence of other pathogenic microorganisms (Obi et al., 2008).

2.1 DRINKING WATER DISTRIBUTION NETWORK
(DWDN) AND RESIDUAL CHLORINE APPLICATION
For maintaining drinking water integrity and to deliver water to consumers,
preferably with the same quality, as when it left the treatment plant, a disinfectant residual
is maintained within the DWDN (Nescerecka et al., 2014). Chlorine residuals have long
been recognized as an excellent indicator for studying water quality in the distribution
network (Karikari and Ampofo, 2013). This residual chlorine, due to its continuous
presence in the DWDN, is documented to provide safe drinking water to the end consumers
(Mahto and Goel, 2008). But according to the recent studies on drinking water chlorination
from Pakistan, there is no planned chlorination procedure for adequate disinfection process
in the country (Qaiser et al., 2014; Hashmi et al., 2009). Most areas of country are reported
to have very low residual chlorine at consumer taps and resulting in little or no protection
against secondary microbial contamination of water in pipelines (Liu et al., 2012).
Therefore maintaining residual chlorine level in DWDN is very important aspect, since the
decrease of residual chlorine below minimal level may cause secondary growth of
microorganisms (regrowth) while excessive amount may form TTHMs in the DN.
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2.1.1 Chlorine Decay and Microbial Recontamination
The growth of bacterial number despite the presence of residual chlorine shows that
the residual chlorine does not remain persistent throughout the water distribution network.
In addition, studies have questioned the effectiveness of residual chlorine in treated water
maintenance throughout the DN (Obi et al., 2008). This fact is described by Sarbatly and
Krishnaiah (2010) that a high free chlorine residue concentration at the treatment plant and
the intake point was not guaranteed to eliminate the microbial contamination. This is
reasoned as DWDN acts as a large chemical and biological reactor where numerous
reactions take place in bulk water phase. So the residual chlorine keep on decreasing within
the distribution system commonly regarded as chlorine decay. Two components can be
considered for chlorine decay viz: reactions that occur at the pipe walls and those that occur
in the middle of the flow. In other words, residual chlorine concentrations may change with
time, perhaps due to the intrinsic demand of microorganisms or due to other components
in water. As a result of this chlorine decay, water quality deteriorates before water reaches
the consumer’s tap. This chlorine residuals decay is reported to be dependent on many
factors such as reactivity with water, pipe wall material, hydraulic flow regimes, residence
time, pH, temperature, presence of organic matter, corrosion of pipe walls, microorganisms
and biofilm (Lee et al., 2010). A study by Betanzo et al. (2008) presents an analysis of the
inactivation provided by disinfectant residuals by using a distribution system model,
inactivation and disinfectant decay models. Results showed that a free chlorine residual of
0.5 mg/L may be insufficient to provide adequate control of disinfectant resistant Giardia
even at low pH (6.5) and high temperature conditions.
The condition even gets worse when any microbial plume enters the distribution
system through accidental intrusion or back siphoning. For E. coli, an organism of
“average” disinfectant resistance relative to others, a residual of 0.5 mg/L may provide
ample protection against intrusion even assuming that the chlorine residual is reduced
within several minutes. Importantly, chloramines as secondary disinfectant may have a
negligible benefit in terms of protecting against intrusion for even relatively susceptible
organisms such as E. coli (Ecuru et al., 2011; Hsu et al., 2011).
2.1.2 Residual Chlorine as Indicator DN Integrity
The accidental microbial intrusion may cause a substantial decrease in residual
chlorine concentration. Moreover changes in chlorine induced by microbial contaminants
can be observed throughout a network at nodes downstream from and distant to the
contaminated node. This magnitude of the residual response is documented to be
proportional to the injected cell concentration and the background free chlorine
concentration and the contact time when a pure culture suspension of bacterial species were
evaluated in a continuous system by Helbling and VanBriesen (2009) in the lab scale
distribution system (LDS). This interaction between free chlorine and bacterial
inactivation, resulting in decrease in residual chlorine may be used as an indicator for
integrity of DN and measures may be taken to combat this intrusion. In addition monitoring
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free chlorine concentrations in drinking water distribution systems may be used to provide
early warning of bacterial contamination events in a DN as documented by Helbling and
Eric (2008). This chlorine residual decrease and chlorine demand may be used as a
surrogate for microbial contamination in the water distribution system.

2.2 THE THMs ISSUE
Drinking water chlorination containing natural organic matter (NOM), mainly
humic substances, leads to disinfection by products (DBPs) formation mainly TTHMs (Fan
et al., 2012; Karim et al., 2011). Qaiser et al. (2014) detected TTHMs in the drinking water
distribution network of Islamabad and reported chloroform concentrations far beyond the
WHO permissible limit of 80µg/L. While effect of temperature/weather was observed by
Siddique et al. (2012) in water supply network of Karachi city and reported that the
concentration of chloroform in winter was more than 92 percent and in summer more
than 93 percent, while the other THMs were at lower concentrations.
The formation of individual THM species and TTHMs concentration in chlorinated
water strongly depends on the composition of the raw water (e.g. nature and amount of
organic compounds, Br- concentration), pH, water temperature (T), chlorine dosage (Cl2),
residence time (t) and residual chlorine in the distribution system (Siddique et al., 2012;
Legay, 2011; Lee et al., 2010; Gopal et al., 2007). The effect of water quality parameters
and operation conditions of water treatment on the formation of THMs in pilot-scale reactor
and water distribution system indicated that due to dissolved organic carbon presence THM
formation increased while the concentration of free chlorine decreased along the length of
distribution system (Chang et al., 2010). On the other hand, laboratory chlorination
experiments revealed a good correlation between chloroform formation and consumed
chlorine dose. Several factors such as total organic carbon (TOC), ultraviolet absorbance
at 254 nm (UV254), pH, applied chlorine dosage, temperature and Br- concentration
potentially affecting the formation of trihalomethanes (THMs) have been studied by
Richardson and Postigo (2012). Results of a fractional factorial Box Behnken design by
Rodriguez et al. (2007) showed that the chlorine and fulvic acid (FA) concentration were
most significant factors while Br- played important role in speciation of brominated-THMs.
Furthermore reducing the FA concentration resulted in high brominated species
(Richardson et al., 2010; Gunten et al., 2001)
Among the most important factors reported to affect TTHMs formation and
speciation is pH. Literature review revealed that the TTHMs increased with the increasing
pH value as TTHMs concentration observed at pH 10 was nearly three times that at pH 5
(Hua and Reckhow, 2008). High pH not only promotes TTHMs but also individual TTHMs
species formation as an increase in the pH from 6 to 8.5, increased chloroform and
decreased BDCM and DBCM formation observed by Chaudhary et al. (2010). Now it is
generally accepted that pH increase may affect base catalyzed reactions and play a
significant role in THM formation. While reaction time and temperature were reported as
significant factors that affect the THMs formation after pH (Kunwar et al., 2012; Singh et
al., 2012; Abdullah et al., 2009). Longer reaction time has a positive effect on the formation
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of THMs (Hong et al., 2013). While with low water temperature the variation of TTHMs
was little, but in warmer water, the concentration of TTHMs varied quickly (Ristoiu et al.,
2009).
2.2.1 Effect of BrThe brominated trihalomethanes (Br-THMs) such as CHCl2Br (BDCM), CHClBr2
(DBCM) and CHBr3 (BF) are produced by the reaction of hypobromite ion with humic acid
in the presence of hypochlorite (Ichihashi et al., 1999). In the presence of excess NaOCl,
addition of NaOBr enhanced the formation of Br-THMs but reduced the formation of
CHCl3. In this oxidation reaction and hypobromous acid plays a predominant role in the
electrophilic substitution when both of hypohalites are present (Mok et al., 2005).
According to past researches, higher bromide concentration generated higher
concentrations of brominated THMs (Platikanov et al., 2010). In a study, when the
concentration of applied Br- was 1.0 mg/L, the total amount of produced THMs reached to
270 percent of that without bromide ions (Chaudhary et al., 2010).
But now it is reported that it is not the individual Cl- or Br- which direct the
THMs species formation but the discussed halides ions ratios (Ichihashi et al., 1998).
Higher Br- to Cl- ratios increased BDCM and DBCM and decreased chloroform formation,
while higher temperatures increased BDCM, DBCM and chloroform formation. The
product distribution of THMs was affected by the ratio of [NaOBr]:[NaOCl] and was
independent of pH and reaction time. In another study, a fivefactor Box–Behnken
experimental design combined with response surface and optimization modeling was used
for predicting the THMs levels in chlorinated water. The pH of water followed by reaction
time and temperature were the most significant factors that affect the THMs formation
during chlorination (Roccaro et al., 2014; Singh et al., 2012; Nikoloau, 2004).
To understand the risks of THMs formation and to develop mitigation strategies, it
is important that the main contributing factors and their role in TTHMs formation and
profiling of TTHMs species in a lab scale distribution rig. Moreover as Br- concentration
is not lowered by conventional drinking water treatment processes (Sketchel et al., 1995),
the effect of Br- concentration or trihalomethanes formation potential (THMFP) is
important to be studied. So the main aim was to investigate the relative HA: Br, HA-: Cland Cl-: Br- ratio in defining formation and profiling of TTHMs mainly brominated species
within DN.

2.3 BIOFILM FORMATION
Biofilm is a complex mixture of microbes, organic and inorganic material
accumulated amidst a microbially produced organic polymer matrix attached to the inner
surface of the DN (US-EPA, 2004). Microbes that survive the treatment process or enter
the distribution system through the pipe network may attach to the pipe wall and become a
part of biofilm. This biofilm development is inevitable irrespective of the presence of
residual chlorine in the DN. The biofilm provides nourishment and shelter to the attached
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pathogenic bacteria and protects them against physical disinfectant like chlorine and
prolong the survival of these bacterial populations. For growth and energy, heterotrophic
microbes need a supply of biodegradable organic material (known as assimilable organic
carbon, AOC) and sufficient phosphorus, ammonium, and other essential nutrients either
from the biofilm or the water (Rozej et al., 2015). These nutrients tend to concentrate at the
solid-liquid interface, creating a favorable environment for biofilm growth (LeChevallier,
1989). Biofilms react with chemical disinfectants, thereby reducing the level available for
inactivating pathogens in the water (Berger et al., 2000). In some cases of extensive biofilm
growth, it may reduce the disinfectant levels to a point that may increase the public health
concerns. On the other hand, maintenance of free chlorine residual does not necessarily
control biofilms (LeChevallier, 1990). If additional chlorine is applied, the level of DBPs
generated by this process may become notable, increasing the concerns of the public health
(Rodger and Boczek, 2011).
The persistence of waterborne diseases or of microbial contamination in a
distribution system may also be attributed to the presence of biofilm and sloughing off the
portion of it gradually with changing flow regime of water in DN. Coliforms present in
biofilm may detach into the flowing water resulting in coliform positive samples. For some
systems this phenomenon reduces the usefulness of the coliform test for detecting problems
in water treatment or distribution system integrity. On the other hand, a coliform positive
test resulting from coliform growth in the biofilm may represent a distribution system
deficiency because the conditions that permit its proliferation in the biofilm may also
permit the growth of many other microbes as well, including opportunistic pathogens. It
was further reported by Fass et al. (1996) that two nonpathogenic E. coli strains grew
slightly in the biofilm before eventually dying out when injected into a pilot distribution
system with a biofilm. In a study by Codony et al., (2005) chlorine depletion effect both
on biofilm formation and microbial load was assessed in an artificial laboratory system.
The results showed that the cell viability in the water phase in the presence of chlorine was
low at the beginning of the experiment but increased 4 orders of magnitude after five
chlorination neutralization periods. It was further reported that subsequent episodes of
chlorine depletion may accelerate the development of microbial communities with reduced
susceptibility to disinfection in real drinking water systems.
2.3.1 Biodiversity of Biofilm
Due to this biofilm development pathogenic microorganism may accumulate in the
biofilm and the biofilm in return may extend the survival of primary pathogens by
protecting them from disinfectants. The primary intestinal waterborne pathogens including
Shigella, Salmonella, Yersinia enterocolitica, Campylobacter jejuni, and E. coli O157 have
been reported to get attached and survive in the biofilm. Park et al. (2001) have reported
the presence of Halicobactor pylori in biofilms of drinking water mains. Proteobacteria
was the common and predominant group in all biofilm samples from fullscale DWDSs,
reported by Regan et al. (2002).
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A study of a pilot-scale chloraminated drinking water treatment system indicated
diversity of ammonia oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) in the
distribution systems and showed the presence of Nitrosomonas (Regan et al., 2002).
Furthermore chloramination for secondary disinfection of drinking water often promotes
the growth of nitrifying bacteria in the DN due to the ammonia introduced by chloramine
formation and decay. The results of AOB community characterization indicated the
ubiquitous detection of representatives from the Nitrosomonas genus,
with Nitrosospira constituting a negligible or small fraction of the AOB community.
Martiny et al. (2003) examined the long-term development of the overall structural
morphology and community composition of a biofilm formed in a model drinking water
distribution system with biofilms and reported the growth of a bacterium related to
Nitrospira, which constituted 78 percent of the community.

2.4 CHLORINE MODELLING
Modern water treatment must maintain an acceptable balance between the microbial
safety of potable water supply, treatment cost and the formation of potentially harmful
DBPs. So it is important to achieve a satisfactory level of bacterial inactivation and to
minimize THM formation (THMF) risk. In order to achieve the optimum balance, it is
essential to understand and predict the decay of chlorine, formation of DBP and
simultaneous inactivation of microbial contamination, in relation to source water, treatment
processes, storage, and supply (Courtis et al., 2009). To observe the effects of various
variables on chlorine decay, THMs formation along with the distribution network and
identifying and monitoring the potential locations of bacterial regrowth in the system and
contaminant (microbiological) propagation, a mathematical model development is critical
for an effective planning and management of disinfection in larger and more complex water
DN (Fisher et al., 2011). Chlorine propagation inside the DN may be studied with the use
of mathematical modeling comprehensively describing and reflecting the role of individual
factor influencing chlorine decay in the DN (Blokker et al., 2008). The modeling approach
integrates available or easily measurable parameters (Legay et al., 2011).
There are two major types of models capable for planning purposes: empirical (or
data-based) and process (or mechanistic) models. But the prerequisite for a reliable model
is that it should be able to reproduce chlorine decay and THMs concentrations in all parts
of a water supply system along with microbial inactivation, so that operators could use
them to achieve the required standards during the disinfection process. Now it is evident
that there is no alternative to the modeling approach for planning applications (Kohpaei
and Sathasivan, 2011). Numerous water quality models are suggested by various
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researchers to predict the formation of DBPs based upon water quality parameters. DBPs
models such as USEPA models (Amy et al., 1998) and kinetic models (Sohn et al., 2004)
are among the widely used models. The other models are also listed in Table 1.
Table 2.1: Selected empirical models for estimating the total THMs concentration

Source: Cristo et al., (2012).
They are based on bench scale assessments under laboratory conditions and predict
the formation of DBPs based on water quality and treatment conditions. These models
incorporate water quality parameters such as dissolved organic carbon (DOC), pH, Br- and
temperature; and treatment conditions such as chlorine dose and reaction time. The process
equations contain parameters (coefficients) whose values have to be estimated from
appropriate experimental data or in-system measurements. The kinetic constants of such
models depend on the factors which influence the chlorine decay and the THMs formation
(operational and environmental conditions, water quality parameters) (Golfinopoulos and
Arhonditsis, 2002). This type of model is useful for both management and planning
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applications (Fisher, 2011). As shown in Table 1, the different selected models incorporate
different parameters like chlorine dose (D), pH, contact time ( tc ), temperature (T), Total
Organic Carbon (TOC ), ( DOC), ultraviolet absorbance at 254 nm wavelength (UV254)
and bromide ions concentration (Br-). Empirical models developed using field data are
more suitable to simulate the THMs formation in real water systems. All these models
discussed so far do not include optimization graphs or numerical optimization using the
data. So based upon these research studies, new models and additional research is needed
to adequately predict fate and transport of a contaminants and effect of numerous water
variables on chlorination and subsequent THMs formation under different environmental
conditions.
RSM is a collection of mathematical and statistical techniques that are useful for
the modeling and analysis of problems in which a response of interest is influenced by
several variables and the objective is to optimize this response (Behin et al., 2016; Kohli
and Singh, 2011). RSM using CCD is widely used to study the interaction, modeling and
optimization of the process variables with a minimum number of experiments (Salman,
2013). The response surface is usually displayed graphically as a smoothly curving surface,
a practice that may obscure the magnitude of local extremes. In effect, the response surface
maps the fine detail in the area of optimal response i.e. determines the most desirable values
of the inputs to get the optimal output named as multifactorial optimization (Rajkumar and
Muthukumar, 2015; Wass et al., 2011). The purpose of this modeling effort was to monitor
and analyze chlorine decay within a DN along with subsequent THMs formation as well as
simultaneous combating accidental microbial
intrusion.

2.5 TTHMS REMOVAL BY GAC AND SAND ADSORPTION
Due to the large surface area, its chemistry and fast adsorption kinetics, GAC is
recommended by US Environmental Protection Agency for adsorption of these compounds
(US-EPA) (Wie et al., 2008). GAC adsorption performance is governed by number of
parameters i.e. carbon type, organic matter type, adsorbent particle size, water temperature
and pH (Auta, 2012), pH being the most influential, inducing not only surface charge to
GAC but degree of ionization of contaminant (El-Haddad et al., 2013). An experimental
study was carried out by Koumenides et al. (2001) reported in his study the removal of
TTHMs species from pilot scale drinking water filtering plant and mentioned that the GAC
filter removed practically about 90% of the overall water THMs. A study was made by
Tebeji (2011), to check suitability of Freundlich and Langmuir adsorption isotherm models
and determine the capacity of bituminous GAC for removal of chloroform (CHCl3) in water
and Freundlich isotherm was fitted well for adsorption of CHCl3. A pilot study was carried
by Babi et al. (2007) to evaluate the performance of a GAC post filter adsorber for the
removal of THMs and DOC from the drinking water of Athens, Greece. The results
showed that the removal of THMs and DOC should be attributed to adsorption by GAC,
where dechlorination was caused catalytically by the carbon surface (Potwara, 2009). GAC
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has also been analyzed for its adsorption efficiency along with sand as dual media for many
years. Performance of this dual filtering media with different depths on removal of THMs
for improving water quality has been evaluated by Muhammad et al. (2006). The results
showed that the GAC-sand dual media filter of 30 cm depth of GAC and 90 cm sand was
the best depth for improving water quality where it was efficient in adsorbing mostly the
TTHMs in which its percentage of removal was 87 percent.
The effectiveness of GAC for the removal of CHCl3 was determined by Samadi et
al. (2004) for the two cases of deionized and chlorinated Tehran tap water. The result
showed removal for deionized water was 71 percent and for chlorinated water 76 percent.
The removal of feed residual chlorine in these columns with 0.5 and 0.8 ppm was 100
percent. Li et al. (1997) reported that the absorption of THMs increased with increasing
bromine substitution in CHCl3. In another study by McCreary and Snoeyink (1980) showed
that the lower molecular weight species of a given humic or fulvic acid was more
adsorbable, presumably because more surface area was accessible to these species. The
effect of pH was studied by Hong (1998) for NOM absorption on GAC. The adsorption
increased with decreasing pH from 8.5-5.5.
The objective of this part of the study was to evaluate the performance of GAC and sand
dual media on removal on TTHMs and TOC from drinking water and to observe and
optimize the effect of GAC column depth, sand column depth and pH on removal efficiency
of TTHMs from drinking water and its subsequent modeling using RSM for better water
distribution system management using RSM-CCD.
The current study is more advanced from already documented studies as most reported
modeling and simulation for TTHM formation/speciation were performed in closed
systems like volumetric flasks and batch systems with high doses of chlorine for longer
periods of time; from one week to twenty days. But complexity of the reactions between
TTHM precursors and their relative importance could better be understood by a modeled
simulation of a DN. So the present study was designed for modeling and simulation of
TTHM formation/speciation in a proto-type DN using RSM-CCD. On the other hand, GAC
and sand adsorption individually as well as in dual media is reported to remove TTHMs
and DOM (Muhammad et al., 2006). But due to the complicity of contaminants, adsorbate
and treatment processes, the effect of various factors on a process design, performance and
their optimization may better be understood by application of mathematical models.
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Chapter 3
MATERIALS AND METHODS

3.1 SETUP OF PROTO-TYPE DN
A laboratory scale distribution network (LSDN: proto-type rig) was established
consisting of high density poly ethylene (HDPE) pipe of 220 meters (m) in two concentric
loops and a main water reservoir with a flow meter to regulate water flow in the network
(Figure 3.1). Nine sampling ports were provided, 22.5 m apart, to collect samples at various
time intervals. The detail description along with prototype is given in
Appendix-A (A1: IESE, NUST, Pakistan) and (A2: UCL, London).

Peristalticpump
Sampling ports
Pipe Loop system

Flow meter

Figure 3.1: Lay out of the distribution proto-type network (rig)
Tap water was de-chlorinated by adding 0.01 N Sodium-thio-sulphate (Na2S2O3) due to its
rapid mixing and instant reaction with chlorine as reported in earlier studies (APHA, 2012;
Grubbs and Landshaw, 1991). This de-chlorinated tap water was used as medium to
introduce various combinations of humic acid (HA) and Br- for profiling of TTHMs and
various factors affecting the process. In this proto-type setup, flow structure governs
disinfectant transport, whilst movement and dispersion of the disinfectant causes the
inactivation of residual bacteria (Wang and Falconer, 1998).
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3.2

RESPONSE SURFACE METHODOLOGY (RSM) COUPLED

WITH CENTRAL COMPOSITE DESIGN (CCD)
3.2.1 Modeling Approach by RSM
In the present study, a modeling tool, response surface methodology (RSM) coupled
with central composite design (CCD) has been implemented for identifying trade-off
between chemical (carcinogenic) and biological (microbial) risks. It is a collection of
mathematical and statistical techniques useful for designing experiments, building models
and analyzing effects of several independent variables (Ramyadevi et al., 2010).The
number of tests required for CCD includes standard 2 k factorial with its origin at center, 2
k points fixed axially at a distance from center to generate the quadratic terms and replicate
tests at the center; where k is the number of variables. The axial points are chosen such that
they allow rotatability, which ensures that the variance of model prediction is constant and
are equidistant from the design center at all points (Karimi et al., 2011). Replicates of the
test at the center are very important, as they provide an independent estimate of
experimental error.
The modeling approach in RSM includes easily viewable response surfaces from
all angles with rotatable 3D plots (Figure 3.2). It also explores contours on interactive 2D
graphs which show interaction of two variables affecting the response. The 3D response
surface and2D contour plots are basically graphical representation of regression equation
used to visualize relationship between response and experimental levels of each factor
(Younis et al., 2014).
3.2.1.1 An empirical statistical technique
As an empirical statistical technique, it is devoted to the evaluation of relationship
of a set of controlled experimental factors and observed results (Gottipati and Mishra,
2010). The statistical experimental designing process may reduce process variability,
experimentation time and overall cost with improved process output (Arenas et al., 2007).
The response surface modeling helps to investigate response over entire variables space
and to identify the region where it reaches its optimum value (Rajkumar and Muthukumar,
2015).
In RSM-CCD, 3D response surface plots can provide information about the
combination of process variables giving the optimal response (Chauhan et al., 2013). For
example surface plot between pH and Cl2/DOC in Figure 3.2 as TTHMs formation as a
function of pH and Cl2/DOC dose, described by Singh et al. (2012).
3.2.2 Design of Experiment (DoE) using RSM
It is an efficient approach for predictive model building and optimization of a
process (Rezaae et al., 2014; Sahu et al., 2009). In this technique the main objective is to
optimize response surface that is influenced by various process parameters. It also
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quantifies the relationship between the controllable input parameters and the obtained
response surfaces (Shi et al., 2010; Almeida et al., 2008).

Figure 3.2: 3D surface showing effects of variables on response (Source: Singh et al.,
2012).

In RSM, for each response, a model is defined that may predict individual as well
as interactive effect of different parameters (Li et al., 2010; Tripathi et al., 2009). It
considers unit factor effect, two factors interaction and quadratic factors impact on the
resulting model (Auta, 2012).It identifies optimal setting by estimating coefficients of a
polynomial equation describing the responses from the n experimental runs, each run
corresponding to a prescribed choice of factor combinations.
3.2.3 Central Composite Design (CCD)
The CCD is an effective design that is ideal for sequential experimentation and
allows a reasonable amount of information for testing lack of fit while not involving an
unusually large number of design points. It is well suited for fitting a quadratic surface,
which usually works well for process optimization (Ghafoori et al., 2015).
3.2.3.1 Levels of a variable
These are different values of a variable at which the experiments are carried out.
The variable pH, for example, may be investigated at five levels: 4, 5, 6, 7 and 8in the
optimization of a method.
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3.2.3.2 Factors or independent variables
These are experimental variables that may be changed independently of each other.
Typical independent variables comprise the pH, temperature, reagents
concentration, time, flow rate and temperature.
3.2.3.3 Responses or dependent variables
These are measured values of results from experiments. Typical responses are
analytical signal (absorbance, net emission intensity and electrical signal), recovery of an
analyte, resolution among chromatographic peaks, percentage of residual carbon and final
acidity among others. Residual is the difference between the calculated and experimental
result for a determinate set of conditions (El-Haddad et al., 2013).
3.2.4 DoE using CCD in RSM
By using CCD, effect of several variables, influencing the responses, may be
studied by varying them simultaneously and with a limited number of experiments. For
each variable, three levels (-1, 0, +1) of independent variables i.e., Low, medium or center
and high, are used for an optimized response (Alqadi et al., 2012).

3.2.5 Multiple Response Optimizations
To optimize the level of each factor for maximum response ‘‘numerical and
graphical optimization’’ processes are employed. It is the combination of different
optimized parameters, which gave maximum response (Ramyadevi et al., 2012).
3.2.5.1 Numerical optimization
Numerical optimization function is employed to find maximum desirability for
many responses. This optimization technique is employed to determine optimum operating
conditions for the process variables under consideration (Figure 3.3). The optimum
conditions for maximum response are determined by solving regression model equation
(Sakkas et al., 2010). It involves combining the goals into an overall desirability function
(D), i.e., that ranges from zero outside of the limits to one at the goal (Kohli et al., 2011).
For example, as in Figure 3.3, top row depicts recommended factor settings, and predicting
responses are shown in the second row.
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Figure 3.3: Ramp function for multifactorial optimization
In this figure, the model predicted almost 98% and 26 % TTHM and TOC removal
respectively which could be achieved simultaneously at almost 8 cm GAC and 16 cm of
sand depth as dual media with a pH value of 8 with D= 0.64.
3.2.5.2 Graphical optimization
The graphical representation is the finest possible combination of all independent
variables which may be visualized in the form of a graph (Figure 3.4).
The maximum predicted value is indicated by surface confined in the smallest eclipse in
contour diagram as depicted in Figure 3.4 (Trinh and Kang, 2010).

Figure 3.4: Overlay plot shows region of optimal conditions (Source: Trinh and Kang, 2010).
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3.2.6 Significance of RSM and CCD
The RSM and CCD through Design Expert software (Trial version 9) was used due
to its ability for obtaining maximum amount of information in a short period of time and
with fewest number of experiments. The rotatable nature of experimental design is
important in the sense that all the experimental points are all equidistant from the center.
This is a valuable property because if center of the design space is picked and experiments
are carried out, all points that are equally distant from the center in any direction have equal
variance of prediction.
It also sequentially performs optimization and modeling by following steps itself:
i) It statistically designs experiments ii)
Recommends mathematical model.
iii)
Analyzes the process variables through 2D surface and 3D contour graphs.
The efficiency of model is controlled by the software itself and in the end.
iv)

It estimates response and verify the model.

PHASE 1: IESE, NUST, PAKISTAN
3.3 OPTIMIZATION OF TTHMS EXTRACTION CONDITIONS

FROM DRINKING WATER SAMPLES
3.3.1 DoE using CCD
It is the most relevant multivariate technique used in analytical optimization based
on fit of a polynomial equation to the experimental data. It is a general strategy for
combining designed experiments and regression analysis to explore relationship between
one or more response variables and a set of factors that are thought to affect responses
(Ramakrishna and Susmita, 2012). In this technique, main aim is to optimize the response
surface that is influenced by various process parameters. The purpose of DOE is selection
of the experimental points at which response should be evaluated. All possible
combinations of independent variables are applied to different experimental groups with a
factorial design where there are several independent variables and main interest and aim is
their combined effect on the dependent variable (Ozbey et al., 2013).
The main objective of this part of work was to develop, evaluate and improve a
simple, rapid and sensitive method for extraction and determination of TTHMs in drinking
water by GC through liquid liquid extraction (LLE). EPA Method 551.1, based on LLE
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with methyl-ter-butyl ether (MtBE) as extracting solvent with gas chromatography/electron
capture detector (GC/ECD), allows to extract and identify them from drinking water
quantitatively (Babi et al., 2007). The LLE– GC–ECD method has been reported to be the
most sensitive one for determination of all volatile chlorination by-products from drinking
water samples (Nikolaou et al., 2002). The drinking water samples were collected from
Ratta Amral, Rawalpindi, Pakistan. For sample collection, glass bottles were used with
ground glass stoppers. Bottles were washed with phosphatefree detergent, rinsed with deionized water and placed in an oven at 400°C for 1 hour. Bottles were filled to zero head
space to prevent TTHM volatilization.
Three independent variables, i.e., initial temperature, ramp and salt addition with
various ranges shown in Table 3.1 were used to develop a DoE resulting in a composite
factorial design with thirty experimental set for determination of the optimum conditions
of extraction for four trihalomethanes as given in Table 3.2. The lower values were coded
as -1 while higher values are coded as +1.
Table 3.1: Independent variables with their ranges for optimization of GC conditions
Sr. #

Variable Ranges

1.

Initial temperature (ºC)

45

50

55

2.

*Ramp (ºC/min)

4-150

5-160

6-180

3.

Salt addition (g)

0.25

0.45

1

*Note: In the Ramp row,“-” denotes degree rise in temperature/min e.g., 6-180means
6ºC/min till 180ºC.
Table 3.2: DoE with independent variables and their low and high levels values by CCD
Coded values

-α

-1

0

+1

+α

Variables

Symbol

Lowest

Low

Centre

High

Highest

Initial temp. (ºC)

A

41

45

50

55

58

Ramp (ºC/min)

B

3145*

4158*

5165*

6172*

6180*

Salt addition (g)

C

0.16

0.5

1

1.5

1.8

*For Ramp, 3145 means 3ºC/min rise in temperature till 145ºC and so on.

PHASE 2: UCL, LONDON
3.4 FACTORS EFFECTING TTHMs FORMATION AND

SPECIATION IN A PROTO-TYPE DN
The study aimed at modeling and simulation of TTHM formation/speciation in a
proto-type DN using RSM-CCD. TTHMs precursors like HA and Br- with
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environmental factors like time, pH and applied chlorine were used to observe the effect of
these variables on TTHMs formation and speciation. DoE using RSM-CCD was
established with various levels of each factor (variable) namely - α, -1, 0, +1 and +α. This
DoE consisted of a fully factorial 30 experimental runs (24 non center points + 6 center
points) to simultaneously optimize the levels of these variables to attain optimized system
performance (Table 3.3).
Table 3.3: Independent variables and their low and high levels values by CCD
Coded values

-1

0

+1

Lowest

Low

Centre

High

Highest

-α
Variables

+α

Time (hours)

A

0

4

16

24

32

pH

B

5

6

7

8

9

HA: Br-

C

1.5

3.33

4.44

6.66

7.5

D

1

3

5

7

9

Cl-: Br-

E

0.6

2

3.3

4.6

6

HA: Cl-

F

0.6

1.4

1.6

2.1

3.33

Chlorine (mg/L)

3.4.1 Methodology
All chemicals used were of analytical grade. Prepared TTHMs standards were
purchased from Supelco in a stock concentration of 5000 µg/ml dilution in methanol as
solvent and Fluorobenzene (FB) (2000 µg/mL) as internal standard. Commercial HA as
precursor of TTHMs, was used to prepare stock solution and used as per DoE requirement.
Commercial sodium hypochlorite (SHC: 10.5 %) was freshly prepared and different
dilutions were applied accordingly. Samples were collected at various time intervals as
shown in Table 3.3. The residual chlorine was quenched by adding 0.01 N sodium
thiosulphate (Na2S2O3) to cease further reaction. Free chlorine was measured by
Spectroquant Picco colorimeter (Merck Millipore) according to standard methods (APHA,
2012). The sensitivity of colorimeter was 0.02-5 mg/L and color intensity showed
concentration of residual chlorine as mg/L in the sample at a given time.
3.4.2 Extraction of THMs
EPA method 551.1 was used for TTHMs extraction. For TTHMs extraction, in 6
mL of water sample, 0.5 g of sodium sulphate (Na2SO4; anhydrous) was added and mixed
vigorously for 30 seconds. This salt addition, called salting out, enhances separation of
organic layer from water layer. 1.0 mL MtBE was added and mixed on vortex mixer for
90 sec and left undisturbed for 120 sec. 1.0 micro liter (µl) of the organic layer containing
TTHMs was injected to gas chromatography (GC) (Model Shimadzu-2010) with fused
silica capillary column TRB-1 (30 m x 0.25 mm ID) for detection provided with mass
spectroscopy (MS). The analytical conditions for THMs detection by GC/MS are given in
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Table 3.4.

Table 3.4: GC/MS operating conditions and MS configurations for TTHMs
Injection
Auto sampler
Experimental time (min)

28.67

Injection volume (µL)

1.0

Delay time (min)

0.00 min

Initial temperature

50ºC for 5 minutes

Ramp

6ºC/min to 180ºC

Hold time (min)

2

Compounds

Retention time (min)

m/z

Chloroform

3.16

50,70, 95, 96

Fluorobenzene (Internal

4.41

47, 83,85,87

Bromodichloromethane

5.44

47,48,83,85

Dibromochloromethane

8.61

47,48,127,129,131

Bromoform

11.89

91, 93, 171, 173, 175

Standard)

3.4.3 TOC Measurements
TOC was measured by using TOC analyzer (Claurus-800) in mg/L.

3.5 COMBATING MICROBIAL INTRUSION BY RESIDUAL
CHLORINE IN PROTO-TYPE DN
It is well documented that on the way to end user, injured bacteria repair their
damaged structures and grow farther away within the distribution network. Therefore, it is
important to understand response of pathogenic microorganism to chlorination keeping in
view the influence of specific water quality parameters as these factors are reported to affect
chlorine action on these pathogens (Helbling and VanBriesen, 2009). These factors include
applied chlorine, pH, temperature and contact time. The interactions of chlorine with
drinking water parameters resulted in reduced susceptibility of bacteria to chlorination
resulting in increased chlorine demand and longer reaction time for complete inactivation
of microorganisms (Berry et al., 2006).
43

3.5.1 DoE using CCD
Design Expert (Trial version 9, MN Inc., USA) was used as designing tool for DoE
with pipe length, microbial concentration, flow rate, back ground chlorine (residual
chlorine) and time taken as independent variables, depicted in Table 3.5.
Table3.5: Independent variables with low and high levels by CCD
Coded values

-α

Variables

Lowest

-1

+α

0

+1

Low

Centre

High

Highest

Pipe length (m)

A

22.5

67.5

112.5

157.5

202.5

Mic. conc.(CFU/mL)

B

10^5

10^6

10^7

10^8

10^9

Flow rate (L/min)

C

0

0.5

1

1.5

2

Res. chlorine (mg/L)

D

0.05

0.15

0.25

0.35

0.45

Time (min)

E

2.5

15

27.5

40

52.5

The DoE, consisted of a full factorial design with 52 experimental runs, was
selected to simultaneously optimize various levels of these variables.
3.5.2 Sample Preparation and Inoculation to the DN
For determination and optimization of required time to combat accidental microbial
intrusion by residual chlorine in proto-type DN, E. coli, K-12 strains (MG1655) were
grown on agar spread plates at 37°C for 24 h. The bacterial culture was washed twice with
phosphate buffer and centrifuged at 4500 g to avoid any agar contents to increase chlorine
demand. When a required residual chlorine level in the distribution system was maintained,
then a pure bacterial suspension with a known cell number of 105, 106, 107, 108 and 109
were introduced in the form of a plume through an injection port to the distribution system
(Figure 3.5). The flow rate was maintained using a flow meter. Samples were collected
from sampling ports at various pipe lengths. Serially diluted subsamples of each suspension
were plated as spread plate counts and incubated for 24 hours at 37ºC as per standard
methods (APHA, 2012).
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Figure 3.5: Injection port in the distribution network
3.5.3 Residual Chlorine Determination
Residual chlorine was measured using DPD colorimetric method (APHA, 2012)
through Spectroquant Picco colorimeter (Merck Millipore).

3.6 PHYLOGENETIC DIVERSITY OF BIOFILM BACTERIA
To observe biofilm formation and its microbial diversity, a modified Robin device
was added in the center of proto-type pipe loop system as shown in Figure 3.6. It is one of
the mostly used devices to study biofilm behavior in situ (in real and plant scale DWDN.
This device consisted of a cylinder with several threaded holes. Some screws with coupons
mounted on front side were placed in these holes (Sly et al., 1990; Manz et al., 1993).

Glass, plastic and stainless steel slides for biofilm
development
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Figure 3.6: A modified Robin device with various installed coupons to observe biofilm
diversity
The coupons were aligned parallel to water flow and could be removed
independently (Deines, 2010). Such removable coupons provide an easy access to biofilm
samples periodically and satisfy need for a plane surface for microscopic studies
(BeoHansen et al., 2003). The biofilm was allowed to grow under controlled conditions
comparable to those prevalent in the DWDN. The characteristics of pipe material may
greatly influence densities of bacterial biofilm fixed in a DN. Studies have pointed out that
roughness of material used for distribution of potable water contributes to bacterial
attachment to the pipe wall (Rozej et al., 2015).Glass, stainless steel and plastic coupons
were installed in Robin device. The formation of biofilms was followed for approximately
400 days. During this period, 8-9 separate biofilm samplings were performed to observe
the biofilm accumulation, biofilm colonization pattern and colony morphology. The
retention time and the flow rate were independently controlled in the DN.
3.6.1 Scanning Electron Microscopy
The morphology of biofilm was investigated by using scanning electron microscope
(SEM) (JEOL JSM-6480LV) at different magnifications with a secondary electron imaging
(SEI) and backscattered electron imaging detectors (BEI) as per manufacturer’s
instructions.
3.6.2 Sample Collection
The bacterial samples were collected by periodically scrapping the slides, spreading
it on nutrient agar and incubating it for 24 hours at 37ºC for further study. Bacterial isolates,
based on colony morphology, were re-streaked, re-suspended and washed thrice using
aseptic phosphate buffered saline (pH 7.0) and centrifuged at 10,000 rpm/min at 20°C for
25 min. After centrifugation, DNA was extracted by QIAamp DNA mini kit (Qaigen) as
per manufacturer’s details. The bacterial community and compositions of biofilms were
determined by 16S rRNA amplification and sequencing using gene library technique. The
step wise procedure to study biofilm diversity is given in Figure 3.7.
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Various number and type of coupons/slides
were installed in middle of pipe length

Coupons were removed at various time intervals
in one year time period

The bacterial sample collected from the coupon
by removing through sonicator

Colonies transferred to nutrient agar /broth
media and placed in incubator for 24 hours

Gram staining performed for identification

Sequencing of 16S ribosomal RNA (rRNA)
fragments

SEM

Figure 3.7: Sequence of steps for biofilm biodiversity study

3.6.3 16s ribosomal RNA (rRNA) Sequencing
The bacterial 16S rRNA gene fragments were amplified by PCR using Applied
Biosystems 7500 Real time PCR using primers UF (5’-TCCTACGGGAGGCAGCAGT3’)
UR (5’-GGACTACCAGGGTATCTAATCCTGTT-3’) by Macrogen, Inc., Seoul,
Korea. Partial sequences were generated using primers which target one of the conserved
regions. Sequences of nearest relative microbes were identified from BLAST and they were
used as references for phylogenetic analysis.
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RNA sequences were associated manually against sequences obtained from Gene
bank database of NCBI (www.ncbi.nlm.nih.gov/BLAST). The sequences were then
aligned using CLUSTAL W program (Duckworth et al., 1898). Phylogenetic trees were
inferred using neighbor joining (Saitou and Nei, 1987) method in mega 4. The resultant
neighbor joining tree topology was evaluated by bootstrap analysis (Felsenstein, 1985).
Phylogenetic analysis was carried out using Mega 4 program as done previously by
Mwirichia et al. (2011) and Tamura et al. (2004).

3.7 TTHMS AND THEIR PRECURSORS’S REMOVAL USING GAC

AND SAND DUAL MEDIA
3.7.1 DoE using CCD
Due to large surface area, its chemistry and fast adsorption kinetics, GAC is recommended
by US Environmental Protection Agency for adsorption of TTHMs and HA compounds
(US-EPA) (Wie et al., 2008). The GAC adsorption performance is governed by number
of parameters i.e., carbon and organic matter type, adsorbent particle size, water
temperature and pH (Auta, 2012), pH being the most influential, inducing not only surface
charge to GAC but degree of ionization of contaminant (ElHaddad et al., 2013).
Therefore a study was designed with Rapid Small Scale Column Tests (RSSCTs) to assess
effects of GAC and sand column depth with interactive effect of pH. DoE was established
using RSM-CCD with various levels of each factor namely -α, -1, 0, +1 and
+α as shown in Table 3.6 with a set of 20 experiments with 14 non-center and 6 center
points.
3.7.2 Brunauer Emmett Teller (BET) Analysis for GAC Particle Characteristics
GAC (mesh size 30*20) was purchased from local supplier and rinsed in laboratory
reagent water for 24 hours to separate fines and then dried in an oven at 105°C. BET
analysis was carried out to determine specific surface area, particle size and pore volume
of GAC using low temperature nitrogen adsorption method. The analysis was performed
for a GAC mass of 0.14 g using N2 gas with analysis temperature was 195.85º C. On the
other hand, surface morphology of activated carbon was examined using SEM.
3.7.3 Rapid Small-Scale Column Test (RSSCT)
The RSSCT is a small scale model of a pilot-scale system which is aimed to give
performance equal to full scale system when loaded with small sized particle adsorbent
such as GAC (Poddar et al., 2013). These bench scale tools have potential to scale down
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hydrodynamic characteristics and mass transfer phenomena to reduce the time and expense
associated with pilot studies, resulting in a more informed process selection.
RSSCT conducted over a period of days may simulate months of full scale GAC
operations data (Patni et al., 2008). A small RSSC was established made up of plexi glass
column (I.D=50 mm, H= 30 cm), Teflon and stainless steel with a fixed bed adsorption
system. A water reservoir with feed water containing TTHMs was provided with a flow
meter to regulate continuous flow of water from the column at a rate of 0.02 L/min (Figure
3.8).
Flowmeter

Plexiglass
column
GAC

Water reservoir
Sand
Out let
Figure 3.8: Layout of proto-type (RSSC) with GAC and sand dual media

Table 3.6: Independent variables and their low/high level values by CCD
Coded Values
-α

-1

0

+1

+α

Variables

Symbols

Lowest

Low

Centre

High

GAC Depth (cm)

A

0

4.0

10.0

16.0

20.0

Sand Depth (cm)

B

0

4.0

10.0

16.0

20.0

pH

C

5.32

6.0

7.0

8.62

8.68

The percent removal of TTHMs and TOC were calculated as follows:
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Highest

% R (TTHMs) = [(Cin-Ce)/Cin]*100
% R (TOC) = [(Cin-Ce)/Cin]*100
Where Cin is the concentration of TTHMs (µg/L) and TOC (mg/L) in influent water,
while Ce is the concentration of TTHMs (µg/L) and TOC (mg/L) in effluent water after a
known GAC and sand column depth.
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Chapter 4
RESULTS AND DISCUSSION
The present study was aimed to observe effect of different drinking water
parameters on efficient chlorination process, TTHMs formation/speciation and behavior of
pathogenic microorganisms against chlorine residuals, its optimization and subsequent
modeling within lab scale distribution network. Attempts were also made to optimize and
model removal of TTHMs and NOM from drinking water using granular activated carbon
(GAC) and sand dual media.

PHASE 1, IESE, NUST

4.1

FACTORS

AFFECTING THE

EFFICIENCY

OF LLE EXTRACTION
Analytical method development and validation procedures are vital for
determination and quantification of any contaminant in water sample. Therefore, for an
optimum performance of GC, GC conditions were optimized using RSM-CCD.
4.1.1 The Limit of Detection (LODs)
LOD is defined as the smallest concentration of an analyte that may be easily and
reliably measured by the instrument (Shrivastave and Gupta, 2015). Usually analyte
concentration in the sample causing a peak with a signal-to-noise ratio of 3 is referred as
LOD (Bahri and Driss, 2010).
In order to calculate LOD, ultrapure water containing each analyte spiked at low
concentrations (0.1-10 µg/L) was used and analytes were detected on the basis of their
retention time (Figure 4.1). The results showed that LODs of the method ranged from
0.15-0.25 µg/L.
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FB

DBCM

BF
BDCM

Figure 4.1: The GC chromatograph of THM4 compounds

The experiments were sequentially performed as assigned by the DoE to normalize
any other environmental effect influencing overall response (Kohli and Singh, 2011). The
scheme of experiments carried out in this study with respective results is given in Table
4.1.
Data analysis was performed using Design Expert (DX-Version 9). By applying
statistical evaluation through Analysis of Variance (ANOVA) where p value was used as a
tool to monitor significance of each factor and their interactions. (ANOVA) was carried
out with 2 factor interaction (2FI) model being significant (p=0.005) at a 95% confidence
level with an F value of 5.35 (Table 4.2). A high F-value (much greater than unity) and a
very low probability value (p=0.005) indicated that the model obtained was highly
significant (Appavoo et al., 2014). The factors having a p value less than 0.05 shows a
positive impact on overall response, TTHMs in this case.
Table 4.1: DoE with respective results for GC optimization conditions
Std.

Run

Initial temp.

Ramp*

Salt conc. (g)

(ºC)

TTHMs
(µg/L)

4

1

55

6*180

0.5

710

8

2

55

6*180

1.5

465

12

3

50

6*172

1

542

7

4

45

6*180

1.5

323

2

5

55

4*150

0.5

344

6

6

55

4*150

1.5

245

11

7

50

3*157

1

312

52

18

8

50

5*165

1

534

1

9

45

4*150

0.5

511

17

10

50

5*165

1

523

20

11

50

5*165

1

545

5

12

45

4*150

1.5

501

13

13

50

5*165

0.16

456

3

14

45

6*180

0.5

637

10

15

58

5*165

1

565

14

16

50

5*165

1.8

489

15

17

50

5*165

1

540

16

18

50

5*165

1

535

19

19

50

5*165

1

540

9

20

41

5*165

1

517

*Note: In the Ramp column,*denotes degree rise in temperature/min e.g., 6*180
means 6ºC/min till 180ºC(Run 1).

Table 4.2: Analysis of Variance (ANOVA) for TTHMs extraction conditions
Source
Sum of
df
Mean
F value
Probability
squares
square
p value
Model

1.6*10^005

6

27923.92

5.35

0.005

A:Initial Temp

1186.12

1

1186.12

0.23

0.6414

B: Ramp

62094.47

1

62094.47

11.91

0.0043

C:Salt addition

28019.92

1

28019.92

5.37

0.04

AB

50880.50

1

50880.50

9.76

0.0081
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AC

50.0

1

50.0

9.5*10^3

0.9235

BC

25312.50

1

25312.50

4.85

0.046

Residuals

67798.66

13

5215.28

---

---

Lack of fit

67511.83

8

8438.98

147.11

p˂0.0001

Pure error

286.83

5

57.37

Std. Dev

72.22

Corr. Total

2.35E005

19

C. V %

14.69

--

0.85

Pred. R-

0.68

Adeq.
Precision

9.52

R-Square

Square.

*Corr. = corrected, CV= covariance, Adeq.= adequate, Adj. = adjusted
The determination coefficient R2 value was 0.85 while Adjusted R2 (Adjust. R2) was
0.68. Adequate Precision greater than 4 is required and it was 9.5 in current study, i.e.,
model may be used to navigate the signal. In order to examine significance of each
coefficient and their interactive effects, corresponding p values were used as a reference.
The ANOVA results showed that effect of initial temperature was insignificant (p=0.64),
while ramp function and salt addition were observed significant with a p value of 0.0043
and 0.04 respectively. As a 2FI mechanisms, these factors observed significant as product
of initial temp and ramp (A*B; p=0.0081) and ramp and salt addition (B*C; p= 0.046).
The effects of different variable are discussed in detail as under:
4.1.2 Effect of Ramp and Initial Temperature
The interactive influences of studied factors were plotted in the form of 2D and 3D
graphs using data with DX-9. These 2D contours and 3D surface graphs are the graphical
representation of regression equation. Observing interactive effect of initial temperature
(X1: A) and ramp function (X2: B) in Figure 4.2, it is apparent that by increasing the ramp
to 6*180 (6ºC rise in temperature/min to 180ºC), TTHMs detection
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Figure 4.2: 3D Surface plot of ramp and initial temperature

and quantification increased due to increased temperature which increased desorption rate
of TTHMs species from the column, thereby reaching the detector, resulted in good peak
signal production. The TTHMs concentration (µg/L) is shown on z-axis while color
gradient from blue to red showed the increased concentration of TTHMs species, same
color representation is depicted in 2D contour graph (Figure 4.3, X1: A: initial temperature,
X2: B: ramp function). While discussing initial temperature, fairly good results were
observed at 50 ºC. Same relation was observed by using desirability function (D), closer
the value to 1 (from blue to red) better is the reproducibility of model (Figure 4.4: X1: A:
initial temperature, X2: B: ramp function (Yunardi et al., 2011).
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Figure 4.3: 2D Contour showing effect of initial temp and ramp function

Figure 4.4: 2D Contour showing effect of initial temp and ramp function in terms of D
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4.1.3 Effect of Salt Addition
The salt addition resulted in separation of the solvent from aqueous phase, thus
resulted in more extraction of TTHMs from the water sample and getting concentrated in
the organic solvent. In Figure 4.5: X1: B: ramp, X2: C: salt addition). It is evident that the
salt addition of 0.5g was sufficient for maximum separation of the organic layer from
solvent layer, while maximum TTHMs separation as peaks and their detection was
observed at ramp function of 6*180. Same effect can be observed in 2D contour graph
(Figure 4.6: x-axis: X1: B: ramp, y-axis X2: C: salt addition).

Figure 4.5: 3D Surface plot of ramp and salt addition influencing TTHMs extraction
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Figure 4.6: 2D Contour showing ramp and salt addition influencing TTHMs extraction
4.1.4 Modeling TTHMs Extraction and Separation Conditions

To observe contribution of most significant factor towards effective extraction of
TTHMs from water samples and considering interaction plot of significant factors (Table
4.3) a Pareto chart of variables was plotted (Figure 4.7). Here bar lengths are proportional
to value of effect as percentage, showing their relative contribution in TTHMs extraction
and detection by GC (Tuncel and Topal, 2011).
Table 4.3: Interaction of various factors and their combinations along with p values

The most significant factor among all was observed as A*B (initial temp*ramp)
contributing almost 40 percent in the process. The other factors are represented as per their
contribution as B (ramp), B*C (ramp*salt addition), C (salt addition), A (initial
temperature) and A*C (initial temperature* salt addition) being least significant.
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Figure 4.7: Pareto chart of effects
4.1.4.1 Model development for the TTHMS extraction and detection
The development of mathematical models based on statistics may be useful for
predicting and understanding effects of experimental factors. Based on ANOVA for
interactive effect of studied factors (Table 4.2) and interactive effects (Table 4.3) finally,
the most appropriate fitted model equation was obtained as:
TTHMs (µg/L) = 491 + 67.42 B - 45.76 C+79.75 AB-56.25 BC
In this model equation when effect of a factor is positive, its affect as independent
factor increases as the factor is changed from low to high levels. In contrast, if effects are
negative, a reduction in the effect occurs for high level of the same factor (Hegazy et al.,
2013).In the current model equation, removal efficiency increased with positive factors
while negative signed factors reduced the efficiency with increase in their values.
4.1.5 Evaluation of the Model
The adequacy of model was tested by correlation between normal plots of residuals
(difference between experimental and predicted values) versus percent extraction of
TTHMs as shown in Figure 4.8 (x-axis: X1: Externally studentized residuals, y-axis: X2:
normal % probability). It is also used to validate accuracy of predictive model (Singh et al.,
2011). By observing the comparison between observed and predicted value for TTHMs
extraction (Figure 4.8), it is obvious that fitted regression equation has shown a good fit of
the model. Graphical data on the plot located in a position close to a straight line showed
that the model sufficiently predicted the effect of studied factors (Razae et al., 2014).
Furthermore normal probability of the residuals suggests that almost no serious violation
of assumptions underlying analyses and it confirmed the normality assumptions and
independence of the residuals.
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Figure.4.8: Normal plot of Residuals
4.1.6 Multifactorial Optimization
A multiple response method called desirability (D) function (regarded as objective
function) was used to find optimum conditions for maximum extraction of the TTHMs
from drinking water sample and subsequent detection by GC. A desirability value closer to
1 is considered most appropriate (Hegazy et al., 2013).
4.1.6.1 Numerical optimization
The optimum conditions of all factors were found simultaneously by numerical
optimization which finds one point or more in factors’s range that would maximize
objective function. It involves combining goals into an overall D value, i.e., that ranges
from zero outside of the limits to one at the goal (Mohan et al., 2012; Wass, 2011). For
maximum TTHMs extraction and its quantification, initial temperature at 50ºC, ramp at 6
ºC rise/min to 180 ºC and 0.5g salt were optimized at D value approximately 0.97 as a
multifactorial optimization process (Figure 4.9).
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Figure 4.9: Ramp function for optimum conditions for maximum TTHMs detection in
GC
4.1.6.2 Graphical optimization
The overlay plots allow a visual selection of optimum conditions according to a
certain criterion, set for numerical optimization, discussed in section 4.1.6.1 (Figure 4.9).
In other words, results of the graphical optimization are overlay plots (Figure 4.10: xaxis:
A: initial temperature, y-axis: B: ramp). The yellow region shows that criterion is fully met
in this region (Almeida et al., 2008).
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Figure 4.10: Overlay plot with optimal conditions region of TTHMs detection and
quantification

RSM ascertains the effects of variables on response and interactions between the
variables (Karimi et al., 2011). This study proved that CCD and RSM could efficiently be
applied for the modeling and optimization of TTHMs extraction and quantification process.
It can also be stated that it would be a scientific and economic approach to obtain the
maximum amount of information in a short period of time and with the lowest number of
experiments.

4.2 FACTORS AFFECTING TTHMS FORMATION AND
SPECIATION IN A PROTO-TYPE DISTRIBUTION
NETWORK
The generation of TTHMs is reported as a function of various factors including type
of organic precursor, chlorine dose, pH, and reaction time (Clark et al., 2011). Moreover
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the distribution and speciation of TTHMs was reported to strongly depend on water pH and
the Br-: TOC or Br-: Cl- ratio (Liang and Singer, 2003). Therefore a detailed study was
carried out to observe effect and role of above mentioned factors in a lab scale distribution
network (Proto-type). In this study, focus was on the fact that how concentration of chloride
ions, bromide ions and organic precursors along with pH affect formation and speciation
of TTHMs with time. The Design Expert (Version 9) was used as designing and analyzing
tool DoE and later for result analysis, optimization and model formulation.
4.2.1 Factors Contributing towards the Formation of TTHMs in a Proto-type DN
Data analysis was performed using Design Expert (Version 9). The significance of
regression coefficients and ANOVA for regression model is shown in Table 4.4. R2 had a
value of 0.8583 and an Adjusted R2 value of 0.7258. The R2 value indicated that quadratic
equation is capable of representing the system under given experimental domain. Predicted
R2 (Pred. R2) indicates a better response overall. A negative (pred.) R2 indicates that over
all means is a better predictor of the response. Adequate precision
(Adeq. Prec.) value of 7.20 represented that model may be used to navigate the signal
(Yunardi et al., 2011).
A two factor interaction (2 FI) model was applied for best fit as indicated by
software, based on a significant p value (p < 0.05) at a 95% confidence level. The
significance of the model could also be predicted from small value of prediction error sum
squares (PRESS) (Kohli and Singh, 2011) given as 7.87 in the current study, showing that
the developed model predicts the response well. As expected, among the most significant
factors, chlorine was observed as major contributor (p = 0.01) in the formation of TTHMs
in the LSDN. A detailed discussion for results is as follows:
4.2.1.1 Effect of HA: Br- and pH on speciation of TTHMs
Various combinations of both HA and Br- species were used in LSDN to analyze
effect of independent variables as precursors of TTHMs in a continuous system. The results
showed a significant impact of both reacting species on TTHM formation with pH (r =
0.998, p = 0.007).
To understand impact of each variable, three dimensional (3D) plots were generated
for estimated responses, which were the bases of model polynomial function. These plots
are used to analyze interactive effect of two factors on response (TTHMs speciation in
present case) within experimental ranges given in Table 3.3. Observing effect of Ha: Brand pH (X1: B: pH, X2: C: HA: Br-) in Figure 4.11, with increasing HA: Br- ratio, TTHMs
concentration increased upto 7200 µg/L. The concentration at pH 8 was approximately 6
times higher when observed at pH 5 which corroborates well with
Rodriguez and Erodes, (2005).

Table 4.4: Analysis of Variance (ANOVA) for TTHMs formation and speciation
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Source

Sum of squares

df

Mean square

F value

P value

Model

214

10

21.40

2.40

<0.05

A-Time

0.89

1

0.89

0.10

0.7548

B-pH

23.38

1

23.38

2.62

0.1218

C-HA/Br-

11.98

1

11.98

1.34

0.2606

D- Chl

72.40

1

72.40

8.12

0.0102

AB

2.70

1

2.70

0.30

0.5881

AC

1.27

1

1.27

0.14

0.7095

AD

0.89

1

0.89

0.10

0.7551

BC

81.40

1

81.40

9.13

0.0070

BD

6.46

1

6.46

0.72

0.4015

CD

12.61

1

12.61

1.42

0.2488

Residual

169.31

19

8.91

--

--

Lack of fit

167.90

14

11.99

42.58

0.0003

Pure error

1.41

5

0.28

--

--

Corr.
Total*

383.31

29

Mean

SD

2.99

2.61

Press
7.87

CV
R2

114.42

Adeq.
Precision*

7.208

0.8583
Adj. R2
Pred. R2

0.7258
-1.0540

*Corr. = corrected, CV= covariance, Adeq.= adequate, Adj. = adjusted
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Figure 4.11: 3D Surface plot of HA: Br- with pH effecting TTHMs behavior in prototype
DN
At this point, HA: Br-, HA: Cl- and Cl-: Br- ratios were 3.33, 4.5 and 1.4
respectively. It is evident that TTHM concentration is high at low HA: Br - concentration
but at high pH which resulted in a shift towards brominated species and an overallincrease
in TTHMs concentration was observed (Legay et al., 2011; Rodriguez et al., 2007). This
may be explained by the fact that during chlorination, bromide quickly oxidizes to bromine
forming hypobromous acid (HOBr), which is a more powerful halogenating agent than
hypochlorous acid (HOCl) (Wang et al., 2014; Hong et al., 2003). The chlorinated species
initially formed may be subsequently attacked by HOBr to form brominated species in the
presence of sufficient Br- (Deborde and Gunten, 2008). On contrary, increasing the HA:
Br- ratio increased TTHM species at low pH suggesting that pH has a synergistic effect as
reaction proceeded at greater speed.
The effect of pH and chlorine on formation of TTHMs is shown in Figure 4.12 (X1:
B: pH, X2: D: chlorine). It was observed that formation of TTHMs is dependent on applied
chlorine as TTHMs are formed at all applied chlorine doses and TTHMs concentration
increases with increase in chlorine dose. In a similar study, a low but significant
relationship occurred between TTHM and applied chlorine dosage (Lee et al., 2010). The
pH was observed to play an important role as it increased above neutral point, concentration
of brominated species increased exponentially within initial hours of reaction.
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Figure 4.12: 3D Response surface plot of chlorine with pH effecting TTHMs behavior in
proto-type DN
These high pH may accelerate hydrolysis step in formation of TTHMs as reported
earlier (Nikolaou et al., 2004; Hassani et al., 2010; Hua et al., 2008; Kohli and Singh,
2011; Wang et al., 2011). Because actual hydrolysis step is base-catalyzed, and is therefore
boosted as hydroxyl concentration in the medium increased with increased pH (Iraiarte et
al., 2003).
Discussing individual species, BF concentration was formed almost double the
concentration of other chlorinated species, depicting that multi brominated species
formation is pH dependent provided sufficient Br- within the system. The reasons could be
quick oxidation of bromide to highly reactive OBr- or HOBr species, where composition
of these two species is pH dependent (Chang et al., 2010). In the absence or insufficient
Br- concentration, chlorinated species were only products formed, resulting in decreased
TTHMs concentration as compared to TTHMs when Br- was present in the system
previously been documented by Platikanov et al. (2010). The 3D response surface relation
between time and pH in Figure 4.13 (X1: A: time, X2: B: pH) showed that high
TTHMs yield was observed at the highest levels of pH and time which is also reported by
Sadiq and Rodriguez (2004). It was further described by Hong et al. (2013) that longer
reaction times had a positive effect on TTHMs formation.
To represent comparative importance of independent variables (Table 3.3, Sec. 3)
on TTHMs speciation, a Pareto chart of effects was created (Figure 4.14). The minimal
effect is presented in upper portion and then progresses to the maximal effect in lower
portion of graph. The most important factors observed were B (pH), C (HA: Br-) and D
(Chl), along with product of BC (pH*HA: Br-), CD (HA: Br-*Chl) and BD (pH* Chl).
Among these, pH, HA: Br- and applied chlorine were found to be statistically significant,
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later being the most influential followed by pH when individual factors were considered.
This result is in accordance with Abdullah et al. (2003) but in contradiction to Singh et
al.(2012).

Figure 4.13: 3D Surface plot of chlorine with pH effecting TTHMs with time
On the other hand, HA: Br- ratio (C) was found to be least significant and this
contradicted the findings of Rodriguez et al. (2007). On the contrary, product of pH and
HA: Br- (B*C) as a 2FI model, showed approximately 46 percent of the overall contribution
towards the TTHMs formation and speciation. The reason may be attributed to reaction of
HOCl or OCl- species which are produced as a function of pH within the medium.
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Figure 4.14: Pareto chart of standardized effects of independent variables
4.2.1.2 TTHM modeling
Regression modeling by RSM was performed on responses of corresponding
independent variables such as chlorine dose, pH, temperature, bromide concentration and
reaction time to the dependent variable i.e., TTHM concentration. Based on ANOVA,
interactive effect of studied factors (Table 3.3) and their interactive effects, resultant TTHM
model formulated as follows:
TTHMs (mg/L) =2.61 - 0.1931 A + 0.99 B - 0.71 C +1.74 D – 0.44 AB + 0.282 AC 0.24 AD2.26 BC + 0.64 BD – 0.89 CD
Eq.1
Where:
A = Time (hours), B = pH, C = HA/Br- ratio, D = Applied chlorine (mg/L)
68

Based upon ANOVA results and p values given in response Table 4.5, Equation (1)
reduces to Equation (2) with only those factors which are more influential in formation and
speciation of TTHMs in a distribution network.
Table 4.5: Response of various factors and their combinations with along p values

TTHMs (mg/L) = 2.61 + 0.99 B - 0.71 C +1.74 D – 0.44 AB - 2.26 BC + 0.64 BD- 0.89
CD
Eq. 2
The proposed mathematical approach provided a critical analysis of individual and
simultaneous interactive influences of selected independent variables on TTHMs yield. The
mutual effect of factors is found prominent in defining TTHMs concentration and
speciation in a LSDN. The coefficient of equation demonstrated that they were sensitive in
predicting TTHMs formation.

4.2.1.3 Verification of model
From normal probability plots of the residuals in Figure 4.15 a (x-axis: X1:
Externally studentized residuals, y-axis: X2: normal % probability) it is evident that
residual points fall around the same straight line indicating a fairly good fit to model
(Appovoo et al., 2014).
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Figure 4.15: (a) Normal plot of Residuals

(b) TTHMs Predicted vs actual values

It also implies that errors were distributed normally. These data points indicated
that neither response transformation was required nor was there any apparent problem with
normality. Furthermore general influence of a normal distribution of underlying errors,
since residuals lie along the line; therefore, model is an acceptable fit with no apparent
problem in normality and response transformation (Behin et al., 2016).
In Figure 4.15 b, the plots of actual (x-axis: X1: Actual) versus predicted values (yaxis: X2: Predicted) showed that predicted values are in good agreement with the
experimental data. It also indicated that errors are distributed normally (Sagbas, 2011).
There were some outliers at higher concentrations but overall performance was satisfactory.
It also showed that experimental data is in full agreement with the predicted values.

4.3 RELATIVE CONTRIBUTION OF HA: Br-, Cl-: Br- AND
HA: Cl- RATIO on TTHMS SPECIATION
In addition to individual effect of precursor and their contributions, a mutual effect
of precursor’s ionic ratio like HA: Br-, Cl-: Br- and HA: Cl- on formation/speciation of
TTHMs was also closely observed to determine main combination contributing towards
TTHMs formation in LSDN. The results suggested that among all factors, Cl-: Br- ratio is
contributing more towards overall TTHMs formation while HA and pH has definite
correlations with TTHMs formation. The detailed results of each ratio are described as
under:
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4.3.1 Effect of HA: BrVarious HA/Br- ratios were analyzed carefully at neutral pH 7 to avoid any
synergistic effect associated with pH as TTHM formation is pH dependent (Fang et al.,
2007) as mentioned in section 3.1.1. A weak positive correlation was observed (r =
0.0416, p = 0.26) in speciation of TTHMs between various HA: Br- ratios (Figure 4.16). It
is evident that TTHMs yield was increased when HA: Br- was from 1.5 to 4.5, after
reaching a highest value at 4.5 then from 4.5 onward to 7.5, a decrease in TTHM
concentration was observed. The reason may be attributed that at low HA: Br -, the
Brcontent was found high and rate of hydrolysis of trihalo-intermediates, that form
corresponding THMs, increased with increasing bromine content (Hong et al., 2007). The
increased amount of Br- shifted the reaction towards bromination, resulting in an increase
in brominated species, so that a high yield of TTHM formation as observed, also described
by Chaudhary et al. (2010).Observing the individual species, concentration of CF
decreased at a tremendous rate at high HA: Br- ratios from 210.85 µg/L to almost below
detectable levels. A decreasing trend for DCBM was also observed explaining the decrease
in Br, resulting in low brominated species and an overall decrease in TTHMs.
These findings are consistent with Rodriguez et al. (2007).
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Figure 4.16: Relative concentration of THMs species at various HA: Br- ratio at constant
applied chlorine

On the other hand, the concentration of BF increased from 287 to789 µg/L and then
decreased to 570 µg/L while TTHMs concentration fluctuated from 1313.72 to 1657 µg/L,
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before decreasing again to 1329 µg/L which could be attributed to the hydrolysis step of
TTHM formation reported by Fang et al. (2007). Moreover, this pattern indicates that HA:
Br- is not the only combination required for reaction towards TTHMs formation/speciation.
It is possible that other precursor species or combinations of these precursors may be
required for TTHMs formation and speciation in a LSDN. The other combinations of
precursor ratios are discussed below.
4.3.2 Effect of Cl-: BrIn addition to HA: Br- ratios, various Cl-: Br- ratio were also analyzed and a strong
positive correlation was observed (r = 0.998, p = 0.0184) within Cl-: Br- ratios (Figure.
4.17). With increasing Cl-: Br-, an increase in both chlorinated and brominated species was
observed, resulting in an overall higher yield of TTHMs. This may be attributed to the
formation of a high concentration of chlorinated species, which were then replaced by Brpresent in the system, which resulted in high concentration of brominated species
(Tee at al. 1989). Similar results were found by Ichihashi et al. (1999), where brominated
THMs were produced at a considerably lower concentration of Br- relative to Clconcentration.
Both these species contributed towards formation of chlorinated as well as brominated
species, resulting in a higher yield of TTHMs. These results also corroborate well with
Brown et al. (2011) who suggested that formation of brominated THMs is a function of the
Br2: NOM and Br2: Cl2 ratios. The increased amount of Br- shifts the reaction towards the
bromination and results in an increase in brominated species, so there is an overall high
concentration of TTHMs (Chang et al., 2001). Same results were also mentioned by
Chaudhary et al. (2010).
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Figure 4.17: Relative proportion of individual THMs species at different Cl-: Br- ratio
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Furthermore all species i.e., Br2, HOBr are important in defining brominated
species. During chlorination, bromide quickly oxidized by bromine to form hypobromous
acid (HOBr), which is a more powerful halogenating agent than hypochlorous acid
(HOCl) (Hong et al., 2007). High pH may accelerate hydrolysis step in the formation of
TTHMs (Hua and Reckhow, 2008). Therefore formation of TTHM depends mainly on the
last step of the reaction pathway, which is base catalysis with halo-form reaction (Wang et
al., 2011; Abdullah et al., 2003).
4.3.3 Effect of HA: Cl –
Another combination of HA: Cl- was investigated to verify its effect on TTHM
formation at constant Cl-: Br- ratio to avoid Br- as a limiting factor. It was observed that
increasing HA: Cl- ratio caused TTHM formation to first increase due to an increase in
HA presence within the system (Figure 4.18).
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Figure 4.18: Relative concentrations of THMs species at various HA: Cl- ratio at a constant
Br- ion concentration

But after an initial increase, a gradual decrease was recorded. A negative
correlation was found between HA: Cl- ratio (r = - 0.89; p = 0.0169) which indicated that
an increase in HA: Cl- ratio caused a decrease in TTHMs formation and vice versa. The
reason for this may be attributed to the fact that when there is an increase in HA: Cl- ratio,
i.e., high HA concentration but low Cl- concentration, the Cl- concentration acted as a
limiting factor, which resulted in low TTHMs irrespective of high concentration of HA as
precursor. Cl- concentration acted as a limiting factor leading to low chlorinated THMs
formation, which then results in decreased TTHMs irrespective of the high concentration
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of HA as a precursor. On the other hand, if sufficient residual chlorine is present then the
rate of TTHM formation was found directly proportional to HA available. Here no
significant effect of pH on TTHM speciation was detected. The rate of THM formation is
equal to that of HA available is also reported by earlier studies if enough residue chlorine
is available (Fang et al., 2007; Abdullah et al., 2003). There is a reciprocal effect on
chlorine residuals which decreased with time as more and more THMs were formed.
To represent the discussed ratios and their mutual effect with pH as 2FI model,
another Pareto chart of effects was created based upon the comparative importance of
interacting factors (Figure 4.19).

Contributions of variables expressed in percentage (%)

Figure 4.19: Pareto chart of standardized effects of independent variables and their
interactions
The overall interaction and their proportion may be visualized easily as independent
factor as well as in combinations, particularly when pH is taken into consideration as 2FI
mechanism in dotted line. It is evident that the product of pH and different precursor’s ratio,
product of pH and Cl: Br- contributed 0.84 percent while product of pH*HA: Br- and
pH*HA: Cl- contribution was 0.79 and 0.51 respectively.
Here it may be concluded that it is Cl: Br- ratio in relation with pH which play the pivotal
role in TTHMs formation and speciation in a LSDN.

4.4 MULTIPLE RESPONSE OPTIMIZATION
Optimization of operational conditions for studying the response (TTHMs formation) was
carried out for practical purposes.
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4.4.1 Numerical and Graphical Optimization
The objective function in current study had the aim to minimize TTHM
concentration (≤ 80 µg/L) with the maximum precursor concentrations and changes in HA:
Br-, Cl2, pH and time. For the worst case (HA: Br- 5.97, pH =7.54, Cl2 = 7.0) probability of
TTHM formation was observed lower than the recommended 80 µg/L during 9.5 hours
with a D value of approximately 0.97 (Figure 4.20).

Figure 4.20: Ramp function for maximum precursors’s values and TTHMs ≤ 80 µg/L as a
response
The overlay plots allowed observing optimization conditions visually. The region
of pH between 6.5 -7.5 and HA: Br- ratio between 3.0 - 6.0 seems safe with respect to
formation of TTHMs below the recommended level in the LSDN (Fig. 4.21).
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Figure 4.21: Overlay plot shows region of optimal conditions of HA: Br- and pH for
TTHMs formation ≤ 80 µg/L

4.5 COMBATING MICROBIAL INTRUSION IN A PROTOTYPE DISTRIBUTION NETWORK
The approach of a good distribution system is to maintain a disinfectant residual in
water during distribution to limit microbial growth and to provide a barrier against
ingress of microbial contaminants. Chlorine residuals of drinking water have long been
recognized as an excellent indicator for studying water quality in the distribution network
(Karikari and Ampofo, 2013) and as monitoring tool for distribution system integrity.
Studies have shown that "adequate” residual disinfectant concentration leaving the water
treatment plant does not guarantee control of bacterial re-growth as well as any microbial
intrusion if occurs on way to consumer’s tap (Propato and Ubar, 2004). Therefore a set of
experiments was designed to evaluate efficiency of residual chlorine (RC) to combat the
accidental or deliberately added microbial event in a proto-type distribution network and
to optimize time period to combat that intrusion.
A measured quantity of E. coli strain K-12 strains (MG1655) was introduced into
loop system through an injection port and samples were collected at various distances of
the pipe loop system at various time lapse.
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4.5.1 Effect of Residual Chlorine Level (RCL)
Various RCL (Table 3.3, Sec 3) were analyzed against deliberately added different
concentrations of accidental microbial intrusion. Observing Figure 4.22, it is evident that
there is a significant strong relationship between E. coli inactivation and residual chlorine
concentration (p < 0.07). Higher the RCL, more disinfection was achieved at a given time
and distance in the loop system. Bishankha et al. (2013) reported that higher level of free
residual chlorine in water significantly reduced bacterial growth to a greater extent.
Same trend may be observed in 3D surface plots (Fig. 4.23: X1: E: time, X2: D:
back ground chlorine or residual chlorine) and 2D contour graphs (Fig. 4.24: X1: D: back
ground chlorine or residual chlorine, X2: E: time). The RCL of 0.05 mg/L had minimum
disinfection achieved while 0.45 mg/L showed maximum inactivation efficiency achieved
in approximately 28 minutes after microbial intrusion.
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Figure 4.22: Effect of various back ground chlorine residuals on accidental microbial
intrusion
It is obvious that for efficient disinfection efficiency, higher amount of RCL was
required which itself required almost half an hour of reaction time. The results are in
accordance with the findings of Gagnon et al. (2008) who recommended free residual
chlorine residuals of 0.6 mg/L to control bacterial growth in a DN. While Tavakoli et al.
(2005) argued that total chlorine levels of less than 0.71 mg/L in water supply systems
cannot provide recommended safety levels. If high number of bacterial episode occurs, then
coliform survival and growth are not inhibited by low levels of residual chlorine ranging
from 0.01 to 0.41 mg Cl2/L and total chlorine ranging from 0.02 to 1.23 mg Cl2/L (Mahto
and Goel, 2008). It could therefore be assessed that residual chlorine may guard against
only a small amount of reintroduced pathogens and may easily be overtaken by high
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concentrations of contaminants. Furthermore Betanzo et al. (2008) mentioned that for E.
coli, an organism of ‘average’ disinfectant resistance relative to others, a residual of 0.5
mg/L may provide ample protection against intrusion even assuming that residual chlorine
is reduced in several minutes.

Figure 4.23: 3D response surface showing microbial inactivation with time
4.5.2 Effect of Pipe Length
The distance travelled by microbial plume (amount of contaminant moving as a
group/clump) was observed to monitor effect of WHO limit of 0.25 mg/L RCL of bacterial
inactivation in a laminar flow. The chlorine decay was minimized by adjusting a fixed
concentration of RC in pipe loop system for certain time period. So all chlorine applied for
disinfection studies was used for the inactivation purpose. The graph showed that more the
distance covered by plume, more disinfection achieved irrespective of no mixing of the
pipe (Figure 4.25). The long distance is indirectly providing more contact time between
intruder microbes and residual chlorine in DN, resulting in efficient disinfection. Similar
results were also mentioned by Bishankha et al. (2013).
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Figure 4.24: 2D Contour showing residual chlorine effect on microbial inactivation with
time
6.00E+07
y = 2E+ 08e-1.759 x
R² = 0.879

5.00E+07
4.00E+07
3.00E+07

Microbial number (CFU/ml)

2.00E+07
1.00E+07
0.00E+00
22.5

112.5
Pipe length (m)

202.5

Figure 4.25: Decrease of microbial count with increasing pipe length
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4.5.3 Effect of Flow Rate
Another parameter that could deteriorate water quality in DN is the water flow rate.
(Shamsaei et al., 2013). Therefore various flow rates were analyzed to observe the effect
of flow rate on microbial inactivation in a distribution network.
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1

0.5
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Figure 4. 26: Effect of flow rate on microbial inactivation
The results showed that distance travelled and residence time tends to increase
bacterial growth (Heterotrophic plate count; HPC) (Figure 4.26). It has been observed that
hydraulic changes caused increase in residual chlorine consumption as flow rate is
indirectly related to contact time between microbes and residual chlorine. The more time
water took to reach the sampling point, the more contact time was available for residual
chlorine to complete the microbial inactivation (Romos et al., 2010).
For data analysis, ANOVA was performed and a quadratic model was developed,
with a significant p ˂ 0.0001 with R2 of 0.81 (Table 4.6). The terms A, B, D and E are
significant with p ˂ 0.022, 0.0001, 0.07 and 0.0001 respectively. Pred.R2 0.5015 is in
reasonable agreement with Adj. R square of 0.6948 i.e., the difference is less than 0.2.
Table 4.6: Analysis of Variance (ANOVA) for microbial disinfection by residual chlorine
Sum of
Squares
Source

Mean
Square
df

P value Prob.
˃F
F value

Model

420.25

20

21.01

8.53

<0.0001

A-Pipe length

10.71

1

10.71

5.06

0.022

B-microbes

232.15

1

232.15

72.67

<0.0001

C-Flow rate

0.52

1

0.52

0.16

0.6891
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D-BGCL

10.90

1

10.90

3.41

0.0749

E-Time

114.36

1

114.36

35.8

<0.001

AB

8.08

1

8.08

2.53

0.1225

AC

0.66

1

0.66

0.21

0.6535

AD

5.29

1

5.29

1.66

0.2084

AE

1.29

1

1.29

0.40

0.5297

BC

0.090

1

0.090

0.028

0.8680

BD

0.028

1

0.028

8.195E-003

0.9254

BE

0.32

1

0.32

0.10

0.7524

CD

6.73

1

6.73

2.11

0.1575

CE

0.74

1

0.74

0.23

0.6340

DE

2.16

1

2.16

0.68

0.4179

A2

0.65

1

0.65

0.20

0.6541

B2

0.014

1

0.014

4.241E-003

0.9485

C2

1.07

1

1.07

0.33

0.5675

D2

4.68

1

4.68

1.47

0.2358

E2

9.43

1

9.43

2.95

0.0964

Residual

92.64

29

3.19

-----

----

Lack of fit

59.97

22

2.73

0.58

0.8421

Pure error

32.67

7

4.67

----

----

Corr. total

512.90

49

----

---

---

Std Dev.

1.79

Mean

11.83

C. V %

15.11

R-square

0.8194

Adj. R square

0.6948

Pred. R Square

0.5015

PRESS

255.67

Adeq. Precision

10.178
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*Corr. = corrected, CV= covariance, Adeq.= adequate, Adj. = adjusted
Adequate precision measures signal to noise ratio. A ratio greater than 4 is required which
is 10.178 in this case i.e., the model may be used to navigate the signal. PRESS is a measure
of how well the model for the experiment is likely to predict responses in new experiments.
Small PRESS is recommended (Zulkifli et al., 2011).
The important factors contributing towards disinfection of microbial episode in DN
are further presented in the form of a Pareto chart shown in Figure 4.27. Among all factors,
number of microbes (B), with more than 56 percent of total share, was main causative agent
contributing towards failure of residual chlorine to combat the accidental event, followed
by time (E), pipe length (A) and residual chlorine (D), AB, CD, E2 and D2 respectively are
influential towards inefficiency of a DN to supply biologically stable water.

BE
A2
C
C2
AD
AC
AE
D2
E2 CD
AB
D-BGCL
A-Pipe Length
E-Time
B-Microbes

0 5 10 15 20 25 30 35 40 45 50 55 60

Contribution of the variables in terms of percenage (%)

Figure 4.27: Pareto chart of factors contributing towards the inactivation of microbial
episode
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4.5.4 Model Development
Based on p values, given in Response Table 4.7, models terms given in Table 4.3
are summarized in the form of Eq. 1 as below.

ln (CFU/mL) = 11.90 - 0.66 A +2.32B – 0.11C - 0.50 D +1.62E- 0.41E2
Eq. 1
Where A= Pipe length, B= Number of microbes C= Flow rate, D= back ground chlorine and E= Time
Table 4.7: Response/interaction of various variables with p values

4.5.5 Validation of the Model
The normal probability plots of residuals in Figure 4.29 (a) (x-axis: X1: Externally
studentized residuals, y-axis: X2: Normal % probability) and plots of actual versus the
predicted response in Figure 4.29 (b) (x-axis: Actual, y-axis: predicted) revealed that
experimental data is in full agreement with the predicted values. It also implies that errors
are distributed normally.
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Figure 4.28: (a) Normality plots of residuals vs predicted (b) predicted vs actual values
4.5.6 Numerical Optimization
Numerical optimization finds one point or more in factors range that would
maximize this objective function (Hegazy et al., 2013; Kohli and Singh, 2011). Here main
objective was to evaluate efficiency of residual chlorine to inactivate the microbial
intrusion in LSDN. The ramp of variables shows that at microbial count of 10^6, at 0.74
L/min, residual chlorine 0.16 mg/L and pipe length of 133 meters, complete inactivation
may be achieved in approximately 18 minutes with D = 1 (Figure 4.29).
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Figure 4.29: Ramp function for maximum inactivation at variables studied with D =1

4.6 DIVERSITY OF BIOFILM IN PROTO-TYPE
DISTRIBUTION NETWORK
The present study was undertaken to observe diversity of microbial community of biofilm
generated in chlorinated water circulating the LSDN. This study provided a glance at
community composition of general bacteria in proto-type DN irrespective of the presence
of residual chlorine in the system.

4.6.1 Colonial Morphology through Gram Staining
Gram staining of the biofilm samples showed presence of both gram negative as well as
gram positive bacteria. The detailed colonial morphology is given in Appendix-B and C.
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(a)

(b)

(c)

Figure 4.30: Gram staining of the biofilm community on (a) Glass, (b) Plastic, (c) Stainless
steel coupons

By carefully observing gram staining results in Figure 4.30, it was observed that
number of microbial count (Heterotrophic plate count; HPC) had a statistically higher
density of bacteria on plastic and glass coupons than stainless steel most probably due to
their roughness factor (Rozej et al., 2015)while steel is more smooth as compared to the
earlier two. These findings are consistent with previous studies carried out by Zhou et al.
(2009) stating that the DN pipes with a rough surface have greater potential for biofilms
growth. This study also showed that presence of high concentration of chlorine did not
completely prevent the biofilm formation. This formation of biofilm in residual chlorine
also indicates that pathogenic microbes with higher resistance to chlorine may also exist
(Wu et al., 2015). It was also observed that in periods of high flow rate of water through
pipe loop system, HPC growth was high due to more organic transfer to biofilm
community.
4.6.2 Scanning Electron Microscopy (SEM)
SEM revealed cell structure and morphology (Figure 4.31). Round colonies of
various sizes are obvious along with some isolated cell as well.
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Figure 4. 31: SEM showing size and morphology of biofilm community in the DN
4.6.3 Phylogenetic Diversity
To characterize the microbial community structure of the biofilms, a taxonomic
analysis was conducted. The DGGE profile of bacterial 16S rRNA fragments showed
significant differences among different materials, suggesting that pipe materials not only
affect biofilm formation potential (BFP) but also microbial diversity (Jang et al., 2011;
Norton and LeChevallier, 2000).
The evolutionary history was inferred using the Neighbor-Joining method (Saitou
and Nei, 1987). The optimal tree with the sum of branch length 0.41091139 is shown in
Figure 4.32. The percentage of replicate trees in which associated taxa clustered together
in the bootstrap test (500 replicates) is shown next to branches (Felsenstein, 1985). The
evolutionary distances were computed using Maximum Composite Likelihood method
(Tamura et al., 2004) and are in the units of number of base substitutions per site. Codon
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and
missing data were eliminated from dataset (Complete deletion option). There were a total
of 663 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4
(Tamura et al., 2007). Based on the phylogenetic analysis, each group of sequences that
formed a monophyletic clade was defined as an operational taxonomic unit (OTU), and
relative richness was calculated as number of OTU divided by number of sequences.
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Results demonstrated that there was significant variation in taxonomic composition
of biofilm bacterial communities within the biofilm. The phylogenetic analysis showed that
biofilm was inhabited by a large number of different strains, including those of Bacillus,
Pseudomonas, Stenotrophomonas, Exiguobacterium and Xanthomonas species (Figure
4.33). This multispecies biofilms is documented to display higher numbers of cultivable
and viable cells. The reason for this was explained by Simoes et al. (2010) that there occur
interactions of these multispecies biofilms which may influence each other not only with
respect to attachment capabilities but also in susceptibility or resistance to a disinfectant
(Berry et al., 2006). A study with a flow cell system showed that multispecies biofilm was
more resistant to biocides than singlespecies biofilms (Liu et al., 2012). Molecular analysis
of microbial communities indicated presence of proteo-bacteria whose bacterial structure
was further analyzed at deeper levels and the majority of sequences were found related to
alpha and beta proteobacteria. These findings were in line with Chao et al. (2015). William
et al. (2004) reported that alpha proteo-bacteria as the predominant phylogenetic groups
observed in the treated distribution water, suggesting that these organisms are well suited
to survive in potable water supplies. On the contrary, Douterelo et al. (2013) documented
beta proteo-bacteria and gamma proteo-bacteria as the most abundant phyla in biofilm
while alpha proteo-bacteria were predominant in bulk water samples. The samples were
analyzed to species and subspecies level, shown in Table 4.8.
Other microbial species isolated included Bacillus species including Bacillus
cereus, an endemic, soil-dwelling, gram-positive, rod-shaped bacterium. Pseudomonas is
a genus of gram-negative, aerobic gamma proteo-bacteria, belonging to family
Pseudomonadaceae. It is widely spread in water reservoirs. In literature, species related to
Pseudomonas spp. dominated the process of initial attachment (Douterelo et al., 2014).
Pseudomonas aeruginosa is a common gram-negative bacterium, its occurrence in drinking
water is probably related more to its ability to colonize biofilms (Mena and Gerba, 2009).
According to literature biofilm seems to protect these bacteria from adverse environmental
factors. Stenotrophomonas is a genus of gram negative
bacteria. It is ubiquitous in aqueous environments.
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Figure 4.32: Evolutionary relationships of 75 taxa

Bacteria of genus Exiguobacterium are gram-positive facultative anaerobes
(Vishnivetskaya et al., 2009). Pseudomonas taiwanensis is a novel gram negative,
rodshaped, motile, non-spore forming bacterial strain (Chen et al., 2014; Wang et al.,
2010). Pseudomonas putida is a rod-shaped, flagellated, gram negative bacterium that is
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found in most soil and water habitats where there is oxygen. Bacillus thuringiensis is a
gram positive, soil-dwelling bacterium found in aquatic environments and animal’s feaces
which shows origin of this bacterium in water sources.

S/N

Table 4.8: Bacterial isolate with sample IDs
Sample ID
Bacterial isolate

1.

SR-A

Bacillus oceanicediminis H2

2.

SR-B

Bacillus cereus ATCC 14579

3.

SR-C

Pseudomonas taiwanensis BCRC 17751

4.

SR-E

Bacillus anthracis ATCC 14578

5.

SR-F

Stenotrophomonas chelatiphage

6.

SR-G

Pseudomonas aerigonosa JCM 5962

7.

SR-H

Exigoubacteriumaquaticum IMTB-3094

8.

SR-I

Bacillus methylotrophicus KACC 13105

Xanthomonas is a large genus of gram negative, obligate aerobic
chemoorganotrophs (Kelly et al., 2014).The results of AOB community characterization
indicated ubiquitous detection of representatives from phyla Xanthomonas (gamma
proteobacteria). The presence of mostly gram negative bacteria may be attributed to the
fact that the envelope of gram negative bacterium is reported to possess an external layer,
outer membrane, which provides an extra barrier against normal residual chlorine in DN
(Westrell et al., 2001). Moreover, attachment to pipe surfaces provides adequate protection
for survival of gram negative cells which are not capable of surviving as suspended cells
(Vaz-Moreira et al., 2013; Kahlisch et al., 2010). Once the pipe surfaces are colonized, it
appears that protection levels and growth rates are sufficient to maintain a substantial level
of gram negative cells in biofilm, despite exposure to chlorinated waters containing
predominately gram positive organisms (Pederson, 1990). In additions, some noncultivable but metabolically active cells, classically called “viable but noncultivable”
(VBNC), which existed in response to chlorine stress were also observed, also documented
by Wingender and Flemmings, (2011).
In conclusion, it was determined that microbial biofilm grew irrespective of
continuous presence of residual chlorine in LSDN. This knowledge of biofilm microbial
diversity, behavior in chlorinated water and resistance pattern could contribute to design of
effective control strategies (to control key microorganisms in the resistance and resilience
of a biofilm).
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4.7 REMOVAL EFFICIENCY OF GAC AND SAND DUAL
MEDIA FOR TTHMs AND THEIR PRECURSORS
Improving removal of organic carbon prior to disinfection process is one of the strategies
for reducing TTHMs concentration downstream in drinking water distribution network.
For removal of organic matter (HA) and TTHMs, formed as a result of chlorination in the
presence of NOM in DN, combined effect of GAC and sand column with pH was studied
and optimized using response surface methodology (RSM). Design expert (DX; Version
9) was used for results analysis, optimization, modeling and simulation and modeling of
TOC and TTHMs removal efficiency by GAC and sand dual media. The data analysis
showed significant results with respect to TOC and TTHMs removal with pH. The three
parameters i.e., GAC, sand and pH of the medium contributed positively in removal of
TOC and TTHMs. The results are discussed as under:
4.7.1 Physical Interactions of Adsorbent (GAC and sand) with Adsorbate (TTHMs and
TOC)
BET analysis was carried out to determine specific surface area, particle size and pore
volume of GAC using low temperature nitrogen adsorption method; results are depicted in
Table 4.9. On the other hand surface morphology of activated carbon was examined using
scanning electron microscope (SEM).
Table 4.9: BET analysis data
Sr. #

Characteristics

Values

1.

Mesh size

20*30

2.

GAC particle size

3.

Surface Area

4.

Single point surface area at P/Po

5.

BET Surface Area

0.001-0.002m
779 m²/g
0.3
774 m²/g

The SEM view showed highly positively charged ions (cations) present on GAC
surface like Ca+2 and Al+3 and some negatively charged ion (anions) like O-2 and Si-2
(Figure 4.33 a and b). The Ca+2 is reported to have greatest effect on increasing capacity of
GAC for adsorption of contaminants as suggested by Daifullah et al. (2004). These cations
and anions show greater adsorption due to electrostatic forces between carbon surface
which created a mixed effect of “electrostatic attraction” and “surface complex formation”
held responsible for adsorption of humic acid on the surface of carbon. These interactions
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are reported to be significantly influenced by pH (Auta, 2012). Aqua sand with specific
density of 2.6 g/cm3 was used.

Figure 4.33: (a) SEM view for surface morphology (b) Chemical analysis
4.7.2 GAC Adsorption for TTHMs and Their Precursors
GAC removed TTHMs and their precursors (measured as TOC) efficiently, in the current
study. Stronger surface hydrophobicity of adsorbent was correlated with amount of TTHMs
adsorbed (Nakamura et al., 2006) and was observed to be proportional to the available
GAC surface.
From data analysis of results, it was observed that GAC adsorbance capability was
more significant for TTHMs but was less efficient for TOC. The design matrix consisted
of types of run, coded and actual factors as randomized by software and respective response
(percent TTHMs removal) obtained from experimental runs is given in Table 4.10.
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(a )

(b)

(c )

Figure 4.34: Chromatographs decreasing trend of TTHMs with various GAC and sand
column depth in (a) Run # 20, (b) Run # 14 and (c) Run # 6.

The TOC removal was 5.2 % (Run 20) in case of sand column depth of 10 cm while
it was doubled i.e., 12.6 % for TTHMs for the same GAC column length (Run 14). The
probable reason could be attributed to the kind of adsorbent i.e., sand in former case and
GAC in later because sand had less attraction for TOC than TTHMs. Increasing the GAC
column depth resulted in more efficient removal of TTHMs and TOC simultaneously. The
increase absorption of THMs species with increased GAC column length may be observed
in Figure 4.34.
Molecular size of contaminants, on the other hand, also contributed towards
effective absorption of contaminant which is smaller in case of TTHMs and larger in case
of TOC. These smaller molecules are more prone to be absorbed to the micro pores present
in GAC, resulted in competition among two types of contaminants molecules (Boneberg et
al., 2013). These results are in accordance with Velton et al. (2011) reporting that
adsorbability of NOM fractions increased with decreasing molecular size within HA
species and between the two competitive molecules i.e., HA and TOC. In addition to
individual molecular size of the contaminants, GAC with small particle size are shown to
be more efficient for adsorption of TTHMs and NOM. However, these results were found
against findings of Babi et al. (2003).
94

Observing effect of pH, with GAC and sand depth of 4 cm, TOC removal was
26.5 percent at pH 6 which then decreased to 6.6 percent at pH 8. This decreasing TTHMs
concentration may be visualized clearly in the chromatograph in Figure 4.34. For pH 7,
there was a significant increase in TTHMs removal from 2.1 (run 20) from top of GAC to
99.7 percent to 20 cm depth of GAC (Run 6). While an increase in GAC column depth
from 10 to 20 cm caused a small increase in TTHMs removal from 99.4 (run 7) to 99.7
percent (run 6), while TOC removal was increased from an average of 38.85 percent
(Run 7-10 & 12, 13) to 57.4 percent removal (Run 6).

Table 4.10: Experimental lay out with respective results

7.0

TTHMs
removal
(%)
97.7

TOC
removal
(%)
19.5

10.0

7.0

99.3

27.5

4.0

16.0

6.0

86.1

18.3

4.

16.0

4.0

8.0

97.0

57.2

5.

4.0

4.0

6.0

79.8

26.5

6.

20.1

10.0

7.0

99.7

57.4

7.

10.0

10.0

7.0

99.4

75.5

8.

10.0

10.0

7.0

99.5

35.7

9.

10.0

10.0

5.32

86.9

28.5

10.

10.0

10.0

7.0

99.6

32.9

11.

4.0

4.0

8.0

83.6

6.6

12.

10.0

10.0

7.0

99.4

29.2

13.

10.0

10.0

7.0

99.6

31.1

14.

10.0

0.0

7.0

89.0

12.6

15.

16.0

16.0

6.0

94.9

46.7

Run

GAC column
depth (cm)

Sand column
depth (cm)

pH

1.

10.0

20.1

2.

10.0

3.
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16.

10.0

10.0

8.68

99.7

31.4

17.

4.0

16.0

8.0

81.4

16.1

18.

16.0

16.0

8.0

98.9

58.7

19.

16.0

4.0

6.0

99.0

63.0

20.

0.0

10.0

7.0

2.1

5.2

When pH was increased from 6 to 8 with GAC and sand depth of 4 cm, TTHMs removal
was increased from 79.8 percent (Run 5) to 83.6 percent (Run 11) while TOC adsorption
was decreased from 26.6 percent to 6.6 percent. This decrease could be reasoned as by
increasing pH, GAC particles tend to adsorb negative charges and HA are negatively
charged naturally so this attraction is inhibited due to electrostatic repulsion between
negatively charged GAC particles and HA (or DOM) molecules resulting in less absorption
to GAC surface emphasized by Al-Nesseri and Abbas (2009). On contrary, decreasing pH
of medium, HA molecules acquire positive charges, becoming more attracted to GAC
surface and as a result adsorption is enhanced (Radian et al., 2011). On the other hand GAC
had a little effect on bromide ion removal. But brominated TTHMs species are observed
more adsorbent to GAC. These studies are in accordance with Amy et al. (1991).
To analyze combined effect of three factors on TTHMs removal, 3D surface plots
and 2D contour graphs were employed. The behavior of GAC TTHMs removal with pH in
Figure 4.35 is demonstrated (X1: A: GAC column depth, C: pH). While GAC and sand
column adsorption is depicted in Figure 4.36 (X1: A: GAC column depth, X2: C: sand
column depth). The curvature observed in Figure 4.35 and color intensity in contour graph
(Figure 4.36) revealed that removal of TTHMs increased up to a certain limit with increase
in GAC column depth, after that it was decreased gradually, may be due to the saturation
of adsorptive site on GAC.
On the other hand, GAC showed insignificant effect on bromide ion removal. These
studies are in accordance with Amy et al. (1991). Although bromide ion were not removed
efficiently by GAC but brominated TTHMs species were noted to be more adsorbent to
GAC. This was reasoned by Li et al. (1997) that adsorption of TTHMs to GAC was
increased due to hydrophobic nature or bromine substitution. This hydrophobicity made
brominated species less soluble in water therefore more adsorption to GAC surface. Tebeji
et al. (2011) supported in his study that more the number of bromine atoms attached to
TTHM species, high the adsorbability of GAC for brominated THMs. Potwara (2006) and
Nakamura et al. (2006) in their findings also reported that a trihalomethanes with bromine
was adsorbed to a greater extent than that with chlorine.
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C: pH

X1: A: GAC column (cm)

Figure 4.35: 3D response surface graph showing effect of GAC column depth and pH on
TTHMs removal

Discussing TOC removal by GAC, it was observed that with increasing GAC
column depth, the percent TOC removal increased from 46.7 to 58.7 percent with
increasing pH from 6 to 8. This increase might be observed due to increase in number of
binding site due to increase in column depth irrespective of high pH (Nakamura et al. 2001).
Erto et al. (2013) also reported a negligible effect of pH on GAC absorption capacity.
Similarly lower molecular weight species of HA were more adsorbable, presumably
because more surface area was accessible to these species when column depth was
increased (Velton et al., 2011; McCreary and Snoeyink, 1980).
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X1: A: GAC column depth (cm)
X2: B: Sand column depth (cm)
Figure 4.36: 2D contour showing the effect of GAC and sand column depth on TTHMs
removal

4.7.3 Sand Adsorption Capacity for TTHMs and Their Precursors
The adsorption of TTHMs and HA on sand occurs due to bonding between oxygen atoms
on sand surface and hydroxyl group present on TTHMs and HA (Site,
2001). The 3D surface plots depicted TOC removal behavior by GAC and pH (Figure
4.37: C: pH, A: GAC column depth) and by sand and GAC dual media column (Figure
4.38: x-axis: A: GAC column depth, y-axis: B: sand column depth). It is evident that pH
showed no appreciable effect on TOC absorption as removal percentage remained almost
constant from pH 6 to 8 on x-axis. These results are in accordance with Erto et al. (2013)
who reported a negligible effect of pH on GAC adsorption for TOC. While increasing
GAC column length the percent TOC removal increased up to almost 52 percent. In Figure
4.38, as expected, sand column showed a slight TOC removal (almost 15 percent) as
compared to GAC (Approximately 52 percent) at GAC column length of 16cm.
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C: pH

A: GAC column depth (cm)

Figure 4.37: 3D response surface graph showing effect of GAC column depth and pH on
TOC removal
Here GAC demonstrated linear effect for TOC removal as by increasing GAC column
depth, TOC removal increased proportionally. Therefore it was evaluated that sand column
showed a less efficient effect on TOC removal as compared to GAC. These results were
against the findings of Li et al. (2002) who reported that DOC adsorption capacity
increased as water pH decreased. On the other hand, it is further observed that GAC
absorption had more prominent influence on TOC removal than sand column. The only
reason was ascribed to the type of adsorbent i.e., GAC due to its large surface area in the
form of macro, micro and mesopores which contributed positively towards effective TOC
adsorption.
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x - axis: A: GAC column depth (cm)
y - axis: B: Sand column depth (cm)
Figure 4.38: 3D response surface graph showing the effect of GAC and sand column depth
on TOC removal
4.7.4 Residual Chlorine Removal by GAC and Sand Dual Media
According to past literature, chlorine is removed by GAC column by reduction
process (not adsorption) and this reduction of chlorine occurs in top few centimeters of
GAC filter media (Tebeji, 2013). The 3D surface and 2D contour plots in Figure 4.39 and
4.40 are the graphical representation of regression equation. By carefully observing the 3D
surface plot Figure 4.39 (x-axis: A: GAC column depth, y-axis: B: Sand column depth) and
2D contour plot 4.40 (X1: x-axis: A: GAC column depth, X2: y-axis: B: Sand column
depth) for removal of residual chlorine (dechlorination), it is evident that by increasing
GAC and sand column each, percent removal efficiency of residual chlorine was increased.
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x - axis: A: GAC column depth (cm)
y - axis: B: Sand column depth (cm)

Figure

4.39: 3D response surface graph showing GAC and sand column effect on dechlorination
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X1: x - axis: A: GAC column depth (cm)
X2:y - axis: B: Sand column depth (cm)
Figure 4.40: 2 D contour graph showing GAC and sand column effect on de-chlorination
This dechlorination is reported to be triggered catalytically by carbon surface (Babi
et al., 2011). The curvature in 3D surface showed a minimum removal at 4cm depth of each
column and increased as column depth increased. In case of residual chlorine removal, both
GAC and sand column were more or less equally effective and removed a large part of it
from feed water.
4.7.5 Statistical Significance of the Developed Model
The competence and significance of model was justified by analysis of variance
(ANOVA) (Chowdhury et al., 2012). The results of analysis of variance (ANOVA) for
independent variables for TTHMs and TOC removal are presented in Table 4.11 and 4.12
respectively. The developed quadratic model for removal of TTHMs was significant (p =
0.0486) with GAC column depth being the most significant factor (p = 0.0117).
For TOC removal, developed linear model was significant (p=0.0018). In ANOVA,
determination of coefficient (R2) and adjusted R2 (adjust. R2) are useful statistical tool to
evaluate model adequacy (Razaee et al., 2014).
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Table: 4.11: ANOVA for TTHMs removal using quadratic model
Source

Sum of
Squares

df

Mean
Square

F Value

P Value
Prob. <F

Model

7629.56

9

47.73

3.05

<0.05

A-GAC

2634.64

1

2634.64

9.48

0.0117

B-Sand
Column

141.07

1

141.07

0.51

0.4925

C-pH

137.00

1

137.00

0.49

0.4987

AC

252.42

1

252.42

0.91

0.3631

BC

157.38

1

157.38

0.57

0.4691

A2

3882.78

1

3882.78

13.97

0.0039

B2

3.26

1

3.26

0.012

0.9158

C2

8.33

1

8.33

0.030

0.8660

Residuals

2779.76

10

277.98

-------

----

Lack of fit

2779.54

5

555.91

11130.13

˂0.0001

Pure error

0.23

5

0.046

------

------

Cor. total

10409.32

19

------

------

-----

St. Dev.

16.67

R-Squared

0.7330

Mean

89.20

Adj. R-squared

0.4926

C. V %

18.69

Pred.R-

-1.0805

Length

Squared
*Corr. = corrected, CV= covariance, Adeq. = adequate, Adj = adjusted

Source
Model
A-GAC Length

Table 4.12: ANOVA for TOC removal with linear model
Sum of
df
Mean
F Value
Squares
Square
4435.94
3
1478.65
7.98
4426.45

1

4426.45
103

23.90

P Value
Prob. ˃F
0.0018
0.0002

B-Sand Column

0.28

1

0.28

1.526-E003

0.9693

C-pH

9.21

1

9.21

0.050

0.8264

Residuals

2963.93

16

185.25

-------

----

Lack of fit

1297.45

11

0.35

0.9298

Pure error

1666.49

5

333.30

------

------

Cor. total

7399.87

19

------

------

-----

St. Dev.

13.61

R-Squared

0.5955

Mean

33.97

Adj. R-squared

0.5244

C. V %

18.69

Pred. R-Squared

0.4418

PRESS

4130.27

Adeq. precision

9.949

117.95

*Corr. = corrected, CV= covariance, Adeq. = adequate, Adj = adjusted
The closer the R2 value to unity and smaller the standard deviation, better the model
in predicting response (Karimi et al., 2011). The R2 and adjust. R2 values in the current
study were 0.73 and 0.49 respectively for TTHMs removal and for TOC, 0.59 and 0.55
respectively. The statistical results showed that the models were well defined to predict
removal percentage of both contaminants within range of variables applied.
A Pareto chart of variables was plotted to observe the contribution of the most
significant factor for effective removal of TTHMs and their precursors from feed water.
The chart showed that almost 48 percent TTHMs and TOC removal was contributed by
GAC column depth (Figure 4.41).
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A2
A-GAC depth
AB
AC
BC
B-Sand depth
C-pH
C2
B2

47.18
33.80
6.33
5.53
3.45
1.81
1.76
0.10
0.04
0.0

10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0

Contribution of variables in terms of percentage (%)

Figure 4.41: Pareto chart showing contribution of variables for TTHMs and TOC removal

4.7.6 Modeling and Optimization
Process optimization is important in determining values of factors for which
response is at maximum (Alhassan et al., 2014). In RSM using CCD, each response was
used to develop an empirical model that correlated response (percent TTHMs and TOC
removal) to three studied factors i.e., GAC column depth, Sand column depth and pH.
Based on quadratic polynomial equation (suggested by the software), empirical relationship
between independent variables and percent removal of TTHMs and TOC may be presented
in the form of a mathematical model. This mathematical model, given below, may further
be used to predict the performance of fixed bed GAC and sand column to remove or reduce
the concentration of TTHMs and TOC from drinking water.
The quadratic regression model equation was developed based on p values given in
Response Table 4.13.
TTHMs Removal %= 99.56-16.41A2 - 6.01AB+5.62AC+4.44BC
Eq. 1
Where: A = GAC column depth, B= Sand column depth and C= pH of the feed water
The coefficients with one factor of GAC column (A), sand column (B) and pH (C) depict
the effect of that particular factor for removal of TTHMs and TOC from feed water. While
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coefficients with two factors and with second order terms show interaction between two
factors and quadratic effect respectively (Chaudhary et al., 2012).
Table 4. 13: Interaction of various factors with respective p values

4.7.7 Verification of the Model
The performance of model may be observed by plots of predicted versus
experimental values (Karimi et al., 2011). While adequacy of model was tested by the
correlation between experimental and predicted values of response (Singh et al., 2012). A
normal probability plot of residuals versus response (percent removal of TTHMs) is
presented in Figure 4.42. Graphical data on the plot located in a position close to a straight
line shows the efficiency of the model to remove TTHMs and TOC by GAC and sand
although sand contributed a little towards TTHMs removal as compared to TOC removal.
Observations from Figure 4.43, Actual verses Predicted values (x-axis: X1: Actual, y-axis:
X2: Predicted) indicated a fair enough correlation between results obtained by experiments
and values predicted by statistical model, which showed success of model.
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Figure 4.42: Normal plot of residuals
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Figure 4.43: Predicted versus actual values
Making a comparison between observed value and predicted value for TTHMs
removal, it is obvious that fitted regression equation has shown a fairly good fit of the
model (Appavoo et al., 2014). So an acceptable agreement was achieved between predicted
values and experimental results conducted using RSSCT.
4.7.8 Multifactorial Optimization
Optimization technique was employed to determine optimum operating conditions
for process variables under consideration. The optimum conditions for maximum removal
were determined by solving regression equation with Design Expert (DX) software. As a
result, removal efficiency became the objective function or performance index. For
optimization, the targeted criteria were set as maximum removal efficiency while values of
three variables (GAC column depth, sand column depth and pH) were set within studied
range.
4.7.8.1 Numerical optimization
Numerical optimization was done for maximum removal of TTHMs with minimum
GAC and sand column depth and a pH range, generally reported in the region. The goals
for numerical optimization shows the numeric values for all variables studied altogether
for a collective response i.e., percent TTHMs and TOC removal in present study. The aim
was to minimize GAC and sand column depth to minimize the capital cost on GAC and
sand purchase and pH value around country’s environmental conditions to avoid any
addition of reagents (acid or base) to cater pH change which would definitely increase
operational cost. The model predicted 98 percent TTHMs, 30 percent TOC removal and
51 percent residual chlorine removal which could be achieved simultaneously at 9 cm GAC
and 4 cm of sand depth as dual media with a pH value of 8 with D = 0.64 (Figure 4.44).
The obvious prominence in the response surfaces indicated that optimal conditions were
located exactly inside the design boundary.
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Figure 4.44: Ramp function for 98 percent, 30 percent and 51 percent TTHMs, TOC and
residual chlorine removal at D = 0.64

4.7.8.2 Graphical optimization
The graphical representation is finest possible combination of all the independent
variables may be visualized in the form of graphical optimization (Figure 4.45). The yellow
region shows area where all variables meet the required criteria as discussed above for
minimizing capital as well operational cost. The maximum predicted value was indicated
by surface confined in the smallest eclipse in contour diagram. It is obvious that it is
between a pH value of6.7-7.0 and GAC column depth of 8 cm. The grey part depicted area
where a part of criteria is met and a part is not (Trinh and Kang, 2010).
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Figure 4.45: Overlay plot shows the region for 98 percent TTHMs removal

Chapter 5
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CONCLUSIONS AND RECOMMENDATIONS
Chlorine is documented to decay within the DN, on way to consumer’s end. This
decay occurs in several ways, the most prominent being reaction with NOM resulting in
TTHMs formation. The other factors include biological agents like microorganisms and
formation of biofilm in pipe systems as a result of accumulation of organic carbon, which
is used by micro-organisms to inhabit pipe surface, resulting in biofilm formation. As a
result, the water not only gets contaminated with carcinogenic TTHMs but as well
microbial contamination/agents. Therefore end user does not get recommended
concentration of residual chlorine. To examine effect of these factors and to model their
effect towards TTHMs formation in a DN, RSM-CCD was employed as tool for DoE. Data
analysis through ANOVA and visual 3D surface and 2D contour graphs were carried out
using DX-9 (version 9). Later, it was efficiently applied for modeling and optimization of
the process. It also provided a multifactorial optimization (Numerical + Graphical) by
considering all studied factors simultaneously for a combined response. The associated
factors for assessing efficiency of residual chlorine against microbial intrusion if occurs
accidently were also analyzed. The following conclusions may be drawn from the current
study:
1. For maximum TTHMs extraction and its quantification, ramp function and salt addition
were observed as significant with a p value of 0.004 and 0.04 respectively. As a 2FI
mechanisms, these factors observed significant as product of initial temp and ramp (A*B;
p=0.008) and ramp and salt addition (B*C; p= 0.04).
2. As a multifactorial optimization process, initial temperature at 50ºC, ramp at 6ºC rise/min
to 180ºC and 0.5g salt were optimized for TTHMs extraction from water samples at D
value of approximately 0.97.
3. TTHMs formation is a function of HA, applied chlorine, Br-, pH and time. The pH of
medium acts as a synergistic factor in the formation of TTHMs with time, while brominated
species formation is pH dependent provided excess Br- in the system.
4. Increasing HA/Cl- ratio, Cl- concentration acts as a limiting factor, resulting in a decreased
TTHMs concentration irrespective of large concentration of HA as precursor.

111

5. Increasing chlorine dose but keeping Br- concentration constant showed that initially a
large concentration of chlorinated species was formed which were then replaced by Brpresent in the system resulting in high brominated species with time.
6. TTHMs’s precursor species work in various combinations i.e., HA/Br-, HA/Cl- and Cl/Brin their speciation; Cl-/Br- being the most influential with a r = 0.99, p < 0.0189.
7. The order of significance in determining formation and speciation was observed to be Cl/Br-> HA/Br-> HA/Cl-with p = 0.0189, 0.26 and 0.0169 respectively.
8. The region of pH between6.5- 7.5 and HA/Br- ratio between 3.0-6.0 appears safe with
respect to formation of TTHMs within the recommended level of WHO.
9. For microbial inactivation and combating microbial intrusion, the developed quadratic
model was significant (p < 0.0001). Microbial concentration and time (p ˂ 0.0001), pipe
length (p = 0.022), chlorine residuals (p = 0.07) and time2 (p = 0.09) were observed as
significant factors.
10. With microbial count of 10^6, at 0.76 L/min, with a pipe length of 133 meters, of 0.16
mg/L chlorine was sufficient for complete inactivation of a microbial episode in
approximately 18 minutes.
11. Presence of opportunistic and pathogenic Bacillus, Pseudomonas, Stenotrophomonas,
Exiguobacterium and Xanthomonas were observed in biofilm samples collected from
proto-type DN.
12. For TTHMs removal, Quadratic model (p < 0.05), with GAC column length being most
significant (p = 0.0117) while pH has a slight effect on removal efficiency (p = 0.49).
13. TTHMs removal increases with increase in pH while TOC removal initially increased then
decreased gradually with pH.
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14. GAC observed to be more efficient in removing TTHMs than sand where GAC 10 cm
length removes 89 percent of TTHMs while only sand observed to remove 2.1 percent only.
In case of TOC, the removal was 5.2 percent with only sand column and 12.6 percent with
GAC column only.
15. With GAC and sand dual media, removal ranged from 79.8 percent, when both were 4 cm
each at pH 6 to 99.7 percent at GAC = 20 cm, sand= 10 cm at pH 7.
16. Multifactorial optimization process optimized a 98 percent TTHMs, 30 percent TOC and
51 percent residual chlorine removal simultaneously at 9 cm GAC and 4 cm of sand column
depth with a pH 8 with desirability function (D) of 0.64.

5.1 RECOMMENDATIONS
Based upon the research findings, following recommendations are proposed:
1. TTHMs formation and speciation are a function of various precursors’s ratio, and it may
vary temporally, so attempts should be made on real water DN using RSM to assess the
TTHMs formation potential with time for mitigation measures.
2. Other independent variables like temperature, TDS, EC may also be optimized for TTHMs
formation and speciation.
3. The residual chlorine efficiency may be analyzed for emerging pathogens, raising the
public health concerns, for management purposes. This data may further be used for booster
chlorination estimation purposes to supply biologically stable water to the end consumer.
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4. GAC and sand as dual media are a better option as compared to the modern removal
technologies like membrane systems for developing countries. Therefore there is a dire
need for determination of their adsorption efficiency for emerging DBPs like iodinated and
nitrogen containing THMs.

REFERENCES
Abdullah, M. P., Yew, C. H. and Salleh bin Ramli, M. (2003). Formation, modeling
and validation of trihalomethanes (THM) in Malaysian drinking water: a case
study in the districts of Tampin, Negeri Sembilan and SabakBernam, Selangor,
Malaysia.Water Research. 37:4637–4644.
Abdullah, Md. P., Yee, L. F., Ata, S., Abdullah, S. and Abidin, B. I. (2009). The study
of interrelationship between raw water quality parameters, chlorine demand and
the formation of disinfection by-products, Physics and Chemistry of the Earth.
34a: 806–811.
Ahmed, A., Noonari, T, M., Magsi, H. and Mahar, A. (2013).Risk assessment of total
and faecal coliform bacteria from drinking water supply of Badin city,
Pakistan.Journal of Environmental Professionals. Sri Lanka. 2(1): 52-64.
Ahmed, T., Kanwak, R., Tahir, S.S. and Rauf, N. (2004). Bacteriological analysis of
water collected from different dams of Rawalpindi/Islamabad region in
Pakistan. Pakistan Journal of Biological Sciences. 7(5): 662-666.
Aisopou, A., Stoianov, I. and Graham, N. J. D. (2012). In-pipe water quality monitoring

114

in water supply systems under steady and unsteady state flow conditions: A
quantitative assessment. Water Research. 46: 235-246.
Alhassan, Y. Kumar, N., Bugaje, I. M. and Mishra, C. (2014).Optimization of
gossypiumarboreum seed oil biodiesel production by central composite rotatable
model of response surface methodology and evaluation of its fuel
properties.Journal of Petroleum Technology and Alternative Fuels. 5(1):1-12.
Almeida, B. M., Santelli, R. E., Oliveira, E. P., Villar, L. S. and Escaleira, L. A. (2008).
Response surface methodology (RSM) as a tool for optimization in analytical
chemistry.Talanta 76: 965–977.
Al-Naseri, S. K. and Abbas, T. R. (2009) Predicting NOM removal by fixed-bed GAC
adsorbers.Jordan Journal of Civil Engineering. 3(2): 172-183.
Alqadi, A. N. S., Bin Mustapha, K. N., Naganathan, S. and Al-Kadi, Q. N. S. (2012). Uses
of central composite design and surface response to evaluate the influence of
constituent materials on fresh and hardened properties of selfcompacting
concrete.KSCE Journal of Civil Engineering. 16(3):407-416.
Amy, G.L., Siddiqui, G. M., Ozekin, K., Zhu, H. W. and Wang, C. (1998). Empirical
based models for predicting chlorination and ozonation byproducts:
Haloacetic acids, chloral hydrate, and bromate. USEPA report CX 819579, USEPA, Cincinnati, 1998.
Amy, G. L., Tan, T and Davis, M. K. (1991).The effects of ozonation and activated
carbon adsorption on trihalomethanes speciation.Water Research.25(2): 191–
202.
Anwar, M. S., Lateef, S. and Siddiqi, G. M. (2010). Bacteriological quality of drinking
water in Lahore.Biomedica. 26: 66-69.
Appovoo, I, A., Hu, J. O., Huang, Y., Li, S. M. Y. and Ong, S. L. (2014).Response surface
modeling of Carbamazepine (CBZ) removal by Graphene-P25 Nano
composites/UVA process using central composite design.Water Research. 57:
270-279.
APHA (2012). Standard methods for the examination ofwater and wastewater. 22nded.
Washington: American Public Health Association. 1360 pp. ISBN978-087553-013-0.
Arenas, L. T., Lima, E. C., Santos Jr., A.A.D.,Vaghetti, J.C.P., Costa, T. M. H. and
Benvenutti, E. V. (2007).Use of statistical design of experiments to evaluate the
sorption capacity of 1,4-diazoniabicycle[2.2.2]octane/silica chloride for
Cr(VI) adsorption. Colloids and Surfaces A: Physicochemical and Engineering
Aspects. 297: 240–248.
115

Auta, M. (2012). Optimization of tea waste activated carbon preparation parameters for
removal of cibacron yellow dye from textile waste waters.International Journal
of Advanced Engineering and Research Studies. 1(4):50-56.
Azizullah, A., Khattak, M. N. K., Richter, P. and Hader, D. P. (2011).Water pollution in
Pakistan and its impact on public health — A review.Environmental
International. 37: 479–497.
Babi, K. G., Koumenides, K.M., Makri, C. A. and Lekkas, T.D. (2010).Adsorption
capacity of GAC pilot filter adsorber and post filter- Adsorber for individual
THMs from drinking water, Athens. Global NEST Journal. 13(1): 50-58.
Babi,K.G., Koumenides, K.M., Nikolaou, A.D., Makri, C.A., Tzoumerkas, F.K. and
Lekkas, T.D. (2007). Pilot study of the removal of THMs, HAAs and DOC from
drinking water by GAC adsorption.Desalination. 210 (1–3): 215–224.
Babi, K.G., Koumenides, K.M., Nikolaou, A.D., Mihopoulos, N.S., Tzoumerkas, F.K.,
Makri, C.A. and Lekkas, T.D.(2003). Pilot - plant experiments for the removal
of THMS, HAAS and DOC from drinking water by GAC adsorption-Galatsi
water treatment plant, Athens. Global Nest: The International Journal. 5 (3):
177-184.
Bahri, M. and Driss,M. (2010).Development of solid-phase micro-extraction for the
determination
water from

of

trihalomethanes

in

drinking

Bizerte, Tunisia.Desalination. 250(1): 414-417.

Bai, X., Wu, F., Zhou, B. and Zhi, X. (2010).Biofilm bacterial communities and
abundance in a full-scale drinking water distribution system in Shanghai.
Journal of Water and Health. 8(3):593-600.
Berger, P.S., Clark, R.M. and Reasoner D.J. (2000). Water, Drinking. In: Encyclopedia
of Microbiology. 2nd Edition. 4: 898-913.
Berry, D., Xi, C. and Raskin, L. (2006).Microbial ecology of drinking water distribution
systems. Current Opinion in Biotechnology.17: 297–302.
Besner, M.C., Gauthier, V., Pierre, S. and Camper, A. (2005).Explaining the occurrence
of coliforms in distribution systems . Water Quality In The Distribution System.
3(1): 27-63.
Betanzo, E., Hofman, R., Hu, R., Baribeau, H. and Alam, Z. (2008). Modelling the
impact of microbial intrusion on secondarydisinfection in a drinking water
distribution system. Journal of Environnemental Engineering. 13(4):231-237.
116

Bishankha, S., Bhatta, D. R., Joshi, D. R. and Joshi, T. P.(2013). Assessment of microbial
quality of chlorinated drinking tap water and susceptibility of gram negative
bacterial isolates towards chlorine. Kathmandu University Journal of Science
and EngineeringTechnology. 9 (1):222-229.
Blokker, E. J. M., Vreeburg, J. H. G., Buchberger, S. G. and Van Dijk, J. C. (2008).
Importance of demand modelling in network water quality models: a review.
Drinking Water Engineering Science. 1: 27–38.
Boe-Hansen, R., Martiny, A.C., Arvin, E. and Albrechtsen, H. J. (2003).Monitoring
biofilm formation and activity in drinking water distribution networks under
oligotrophic conditions. Water Science and Technology. 47 (5): 91–97.
Boneberg, D. G.,Pimenta, P. S., Revolta, B. S. and Junior, M. J. F. (2013). Removing
general organic compounds from small quantities of river water. American
Journal of Environmental Engineering. 3(4): 187-194.
Brown, D., Bridgeman, J. and West, J. R. (2011).Predicting chlorine decay and THM
formation in water supply systems. Reviews in Environmental Science.
BioTechnology. 10 (1): 79-99.
Chao, Y., Mao, Y., Wang, Z. and Zhang, T. (2015). Diversity and functions of bacterial
community in drinking water biofilms revealed by highthroughput sequencing.
Science.Report. 5: 10044; doi: 10.1038/srep10044.
Chang, E., Guo, H.C., Li, I. S., Chiang, P.C.and Huang, C.P. (2010). Modeling
the formation and assessing the risk of disinfection by-products in water
distribution systems.Journal of Environmental Science and Health A: Toxic
and Hazardous Substance and Environ Engineering. 45 (10):1185-94.
Chauhan, S, V., Bhardwaj, N. K. and Chakrabarti, S. K. (2013). Application of response
surface methodology and central composite design for the
optimization of talc filler and retention aid in paper making.Indian journal of
chemical technology. 20: 121-127.
Chen, W. J., Hsieh, F. C., Hsu, F. C., Tasy, y, F., Liu, J. R. and Shih, M. C.
(2014).Characterization of an insecticidal toxin and pathogenicity
of Pseudomonas taiwanensis against insects. PLoS Pathogens. 10(8):
23072313.
Cho, I. H. and Zho, K.D. (2007). Photo catalytic degradation of azo dye (Reactive Red
120) in TiO2/UV system: optimization and modeling using a response surface
methodology (RSM) based on the central composite design. Dyes and
Pigments. 75 (3): 533-543.
Choudhury, S., Champagne, P.and McLellan, P. J. J. (2010).Investigating effects of
117

bromide
ions on trihalomethanes and developing model for predicting
bromodichloromethane in drinking water. Water Research. 44(7): 2349-59.
Chowdhury, Z.Z., Zain, S. M., Khan, R. A., Ahmad, A. A. and Khalid, K. (2012).
Application of response surface methodology (RSM) for optimizing
production condition for removal of Pb (ii) and CU (ii) onto Kenaf fiber based
activated carbon. Research Journal of Applied Science and.
Engineering Technology. 4(5): 458-465.
Clark, R. M. (2011). Chlorine fate and transport in drinking water distribution systems:
Results from experimental and modeling studies. Frontiers of Earth Science.
5(4):334-340.
Codony, F., Morato, J.andMas, J.(2005). Role of discontinuous chlorination on
microbial production by drinking water biofilms.Water Research.39 (9): 18961906.
Courtis, B. J., West, J. R. and Bridgeman, J.(2009). Temporal and spatial variations in
bulk chlorine decay within a water supply system. Journal of Environmental
Engineering. 135 (3): 147-152.
Cristo,C., Di., Esposito, G., Leopardi, A. and Marinis, G. (2012). Empirical formulae
for modeling trihalomethanes formation in water systems. Quintoseminariosu
“La diagnosi e la gestionedeisistemiidrici.Roma. 6: 16 – 17.
Cristo, C. Di., Leopardi,A. and Marinis,G.(2014).Effect of data uncertainty on
trihalomethanes prediction in water supply systems using kinetic models.12th
International Conference on Computing and Control for the Water Industry,
CCWI 2013. Procedia Engineering 70: 507 – 514
Cristo, C.D., Leopardi, A., Quintiliani,C. andMarinis, G.D (2015).Vulnerability
assessment after chlorine disinfection in drinking water distribution system.Eproceedings of the 36th IAHR World Congress28 June – 3 July, 2015, The
Hague, the Netherlands.
Daifullah, A. A. M., Girgis, B. S.and Gad, H. M. H. (2004). A study of the factors
affecting the removal of humic acid by activated carbon prepared from biomass
material. Colloids and Surfaces A: Physicochemical and Engineering Aspects.
235 (1–3): 1–10.
Deines, P., Sekar, R., Husband, P. S. Boxall, J. B. , Osborn, A. M. and Biggs, C. A.
(2010). A new coupon design for simultaneous analysis of in situ microbial
118

biofilm formation and community structure in drinking water distribution
systems. Applied Microbiology and Biotechnology. 87(2):749756.
Deborde, M. and Gunten, U. (2008). Reactions of chlorine with inorganic and organic
compounds during water treatment—Kinetics and mechanisms: A critical
review. Water Research.42:13 -51.
Douterelo, I., Boxall, J. B., Deines, P., Sekar, R., Fish, K. E. and Biggs, C. A. (2014).
Methodological approaches for studying the microbial ecology of drinking
water distribution systems. Water Research. 65: 134 – 156.
Douterelo, I., Sharpe, R.L. and Boxall, J. B. (2013). Influence of hydraulic regimes on
bacterial community structure and composition in an experimental drinking
water distribution system.Water Research. 1: 47(2):503-16.
Duckworth, A. W., Grant, S., Grant, W. D., Jones, B. E. and Meijer, D. (1998).
Dietzianatronolimnaios sp.A new species of the genus Dietzia isolated from
an east African Soda lake. Extremophiles. 2(3): 359-366.
Ecuru, J., Okot-Okumu, J. and Okurut, T. O. (2011).Monitoring residual chlorine decay
and coliform contamination in water distribution network of Kampala,
Uganda.Journal of Applied Science and Environmental Management. 15 (1):
167 – 173.
El Haddad, M., Slimani, R., Mamouni, R., El-Antri, S. and Lazar, S. (2013). Removal
of two textile dyes from aqueous solutions onto calcined bones. Journal of
Association of Arab University for Basic and Applied Science. 14: 51–59.
Erto, A., Lancia, A. and Musmarra, D. (2013). Fixed-bed adsorption of
trichloroethylene onto activated carbon. Chemical Engineering and
Transactions. 34:1969-1974.
Fan, Z. H., Zhang, H.N., Xu, X., Liu, B., Zhang, D. D. and Yu, X. (2012). Dissolved
organic nitrogen (DON) in full scale two-stage O3-BAC with nitrate as sole
inorganic nitrogen source.International Journal of Environmental Research.
6(4): 985-994.
Fang, H.,Lü, X. W., Lu, J. L. and Zhu, X. C. (2007). Variations of biological stability
and disinfection byproduct in water distribution systems and their
correlations.Huan Jing KeXue. 28(9): 2030-2040.
Farmaki, E. G., Samios, S.A., Thomaidis, Golfinopoulos, N.S., Efstathiou, S.andLekkas,
C.E. T.D. Artificial neural networks predictive models. (2012). A case study:
119

carbon and bromine concentrationsprediction based on chlorination time.
Global NEST Journal, 14 (1): 10-17.
Fass, S., Dincher, M.L., Reasoner, D. J., Gatel, D. and Block, J. C. (1996). Fate of
Escherichia coli experimentally injected in a drinking water distribution pilot
system. Water Research.30:2215-2221.
Felsenstein, J. (1985). Confidence limits on phylogenies: An approach using the
bootstrap.Evolution. 39(4): 783-791.
Fisher, I., Kastl, G. and Sathasivan, A. (2011). Evaluation of suitable chlorine bulkdecay models for water distribution systems. Water Research. 45: 4896-4908.
Gagnon, G. A., Baribeau, H., Rutledge, S. O., Dumancic, R., Oehmen, A., Chauret, C.
and Andrews, S. (2008). Practical paper; Disinfectant efficacy in distribution
systems: a pilot-scale assessment. Journal of Water Supply.Research
Technology.AQUA. 57(7): 507-518.
Ghafoori, S., Mowla.A., Jahani, R., Mehrvar, M. and Chan, P. K. (2015). Sonophotolytic
degradation of synthetic pharmaceutical wastewater: statistical experimental
design and modeling. Journal of Environmental
Management. 150:128–137. doi:10.1016/j.jenvman.2014.11.011
Golfinopoulos, S.K. and Arhonditsis, G.B. (2002). Multiple regression models: A
methodology for evaluating trihalomethane concentrations in drinking water
from raw water characteristics. Chemosphere. 47: 1007–1018.
Gottipati, R. and Mishra, S. (2010). Process optimization of adsorption of Cr (VI) on
activated carbons prepared from plant precursors by a two-level full factorial
design. Chemical Engineering Journal.160:99–107.
Gopal, K., Tripathy, S. S., Bersillon, J. L. and Dubey, S. P. (2007).Chlorination
byproducts, their toxico-dynamics and removal from drinking water.Journal of
Hazardous Material. 140: 1-6.
Hannan, A., Shan, S. and Arshad, U. (2010). Bacteriological analysis of drinking water
from 100 families of Lahore by membrane filtration technique and
chromagar.Biomedica.26: 152 – 156.
Hashmi, I., Farooq, S. and Qaiser, S. (2009). Incidence of fecal contamination within a
public drinking water supply in RattaAmral, Rawalpindi.Desalination and
Water Treatment.11 (1-3): 124-131.
120

Hashmi, I., Qaiser, S. and Farooq, S. (2012). Microbiological quality of drinking water
in urban communities, Rawalpindi, Pakistan.Desalination and Water
Treatment.41(1-3): 240-248.
Hassani, A. H., Jafari, M. A. and Torabifar, B. (2010).Trihalomethanes concentration in
different components of water treatment plant and water distribution system in
the north of Iran. International Journal of Environmental Research. 4(4):
887-892.
Hegazy, A. K., Abdel-Ghani, N. T. and El-Chaghaby, G.A. (2013). Adsorption of
phenol onto activated carbon from Rhazyastricta: Determination of the optimal
experimental parameters using factorial design. Applied Water Science.
4:273–281.
Helbling, D. E. and VanBriesen, J. M. (2009).Modeling residual chlorine response to a
microbial contamination event in drinking water distribution systems.Journal
of Environmental Engineering-ASCE. 135(10): 918-927.
Helbling, D. E. and VanBriesen, J. M. (2008). Continuous monitoring of residual
chlorine concentrations in response to controlled microbial intrusions in a
laboratory-scale distribution system. Water Research. 42: 3162-31-72.
Helbling, D. E. and VanBriesen, J. M. (2007). Free chlorine demand and cell survival
of microbial suspensions. Water Research.41: 4424– 4434.
Hong, H. C., Liang, Y., Han, B. P., Mazumder, A. and Wong, M. H. (2007).Modeling of
trihalomethane (THM) formation via chlorination of the water from Dongjiang
River (source water for Hong Kong's drinking water).Science of the Total
Environment. 385: 48–54.
Hong, H., Xiong, Y. M., Ruan, F., Liao, F., Lin, H. and Liang, L. Y. (2013). Factors
affecting THMs, HAAs and HNMs formation of Jin Lan Reservoir water
exposed
of

to

chlorine

and

monochloramine.

the

Total Environment.444 (1): 196–204.

Science

Hong, S. (1998).The role of pH and initial concentration on GAC absorption for
removal of natural organic matter.Environmental Engineering Research.
3(4): 183-190.
121

Hsu, C. S., Huang, W. Z. and Wang, H. Y. (2011). Evaluation of disinfection efficiency
between sodium hypochlorite and chlorine dioxide on spa water.Sustainable
Environmental Research. 21(6): 347-351.
Hua, G. and Reckhow, D. A. (2008). DBP formation during chlorination and
chloramination: Effect of reaction time, pH, dosage, and temperature.Journal
of American Water Works Association. 100 (8): 82-95.
Ichihashi, K., Teranashi, K. and Ichimura, A. (1999).Brominated trihalomethane
formation in halogenation of humic acid in the coexistence of hypochlorite and
hypobromite ions.Water Research.33 (2): 477-483.
Imo, T. S., Oomori, T., Toshihiko, M. and Tamaki, F.(2007).The comparative study of
Trihalomethanes in drinking water.International Journal of Environmental
Science and Technology. 4(4): 421-426.
Iriarte, U., Iaki, J. I. lvarez-Uriarte, Lopez-Fonseca, R. and Gonzlez-Velasco, J. R.
(2003).Trihalomethane formation in ozonated and chlorinated surface
water.Environmental Chemistry Letters. 1: 57–61. doi 10.1007/s103110020018-z.
Jadoon, W. A., Arshad, M. and Ullah, I. (2012).Spatio-temporal microbial water quality
assessment of selected natural streams of Islamabad, Pakistan. Zoological
Survey of Pakistan 21: 14-18.
Jang, H. J., Choi, Y. J.and Ka. J. O. (2011). Effects of diverse water pipe
materials on bacterial communities and water quality in the annular reactor.
Journal of Microbiologyand Biotechnology. 21 (2):115-123.
Karikari, A. Y. and Ampofo, J. A.(2013). Chlorine treatment effectiveness and physicochemical and bacteriological characteristics of treated water supplies in
distribution networks of Accra-Tema, Metropolis, Ghana.Applied Water
Science. 3: 535–543.
Karimi, P., Abdollahi, H., Aslan, N., Noaparast, M. and Shafaei, S. Z.
(2011).Application of response recovery in cyanidation process.Mineral
Processing and. ExtractionMetallurgy Review. 32: 1–16.
Kelly, J. K., Minalt, N., Culotti, A., Pryor, M. and Packman, A. (2014).Temporal
variations in the abundance and composition of biofilm communities
colonizing drinking water distribution pipes.PLoS ONE 9(5): e98542.
doi:10.1371/journal.pone.0098542.
122

Kohli, A. and Singh, H. (2011).Optimization of processing parameters in induction
hardening using response surface methodology.Sadhana.Indian Academy of
Science. 36 (2): 141–152.
Kohpaei, A. J. and Sathasivan, A. (2011). Chlorine decay prediction in bulk water using
the parallel second order model: An analytical solution development.
ChemicalEngineering Journal. 147:232-241.
Koumenides, K., Sakkas, N., Lekkas, D. F. and Xylourgidis, N. (2001).Using GAC to
control THMs in drinking water.An experimental study at the Athens water
works and an economic evaluation of the method. Global Nest: The
International Journal. 3 (3):189-197.
Kunwar, P., Rai, S. P., Pandey, P. and Sinha, P. (2012).Modeling and optimization of
trihalomethanes formation potential of surface water (a drinking water
source) using Box–Behnken design.Environmental Science and Pollution
Research. 19(1):113-127.
Lekkas, T. D., Babi, K. G., Koumenides, K. M., Makri, C. A., Lekkas, D. T. and
Nikolaou, A. D. (2009).Removal of specific DBPs by GAC in Galatsi WTP,
Athens.Global NEST Journal.11 (3): 349-356.
LeChevallier, M.W., Lowry, C.D. and Lee, R. G. (1990).Disinfection of biofilms in a
model distribution system.Journal of American Water Works Association.
82(7):87-99.
LeChevallier, M. (1989). Bacterial regrowth in drinking water.American Water Works
Assoc. Research Foundation Report. Denver, CO.
Lee, E. L. and Schwab, K. J. (2005).Deficiencies in drinking water distribution systems
in developing countries.Journal of Water and Health. 3(2):109-127.
Lee, J., Ha, K. W. and Zoh, K. D. (2010). Characteristics of trihalomethane (THM)
production andassociated health risk assessment in swimming pool waters
treated with different disinfection methods. Science of the Total Environment.
407: 1990 – 1997.
Legay, C., Rodriguez, M. J., Miranda-Moreno, L., Serodes, J. B. and Levallois, P.
(2011).Multi-level modelling of chlorination by-product presence in drinking
water
distribution
systems
for
human
exposure
assessment
purposes.Environmental Monitoring and Assessment. 178: 507–524.
123

Li, M., Feng, C., Zhang, Z., Chen, R., Xue, Q., Gao, C. and Sugiura, N. (2010).
Optimization of process parameters for electrochemical nitrate removal using
Box– Behnken design.Electrochim Acta.56:265– 270.
Li, F., Yuasa, A., Ebie, K., Azuma, Y., Hagishita, T. and Matsui, Y. (2002). Factors
affecting the adsorption capacity of dissolved organic matter onto activated
carbon: modified isotherm analysis. Water Research. 36 (18): 4592–4604.
Li, J. W., Yu, Z., Gao, M. and Cai, X. (1997). Trihalomethanes adsorption on
activated carbon fiber and granular activated carbon.Water, Air, and Soil
Pollution.97(3-4):367-378.
Liang, L. and Singer, P. C. (2003).Factors influencing the formation and relative
distribution of

haloacetic

acids and

trihalomethanes

in

drinking water.Environmental Science and Technology. 1: 37(13):
2920-8.
Liu, R., Yu, Z., Zhang, H., Yang, M., Shi, B. and Liu, X. (2012).Diversity of bacteria
and mycobacteria in biofilms of two urban drinking water distribution
systems.Canadian Journal of Microbiology.58: 1– 10.
Mahto, B. and Goel, S. (2008). Bacterial survival and regrowth in drinking water
systems.Journal of Environmental Science and Engineering. 50 (1):33-40.
Manz, W., Szewzyk, U., Ericsson, P., Amann, R. ,Schleifer, K. H. and Stenstrom, T. A.
(1993). In situ identification of bacteria in drinking water and adjoining
biofilms by hybridization with 16S and 23S rRNA-directed fluorescent
oligonucleotide probes. Applied Environmental Microbiology. 59
(7):22932298.
Martiny, A. C., Jorgensen, T. M., Albrechtsen, H. J., Arvin, E. and Molin, S. (2003).
Long-term succession of structure and diversity of a biofilm formed in a
model

drinking

water distribution

Environmental
Microbiology. 69 (11): 6899-6907.

124

system.

Applied

Mashiatullah, A., Chaudhary, M. Z., Khan, M. S., Javed, T. and Qureshi, R. M.
(2010).Coliform bacterial pollution in Rawal Lake, Islamabad and its feeding
streams/river.Nucleus. 47: 35–40.
Mena, K. D. andGerba, C.P. (2009). Risk assessment of Pseudomonas aeruginosa in
water.Revision of Environmental contamination and Toxicology. 201:71115.
doi: 10.1007/978-1-4419-0032-6_3.
McCreary, J. J. and Snoeyink, V. L. (1980).Characterization and activated carbon
adsorption of several humic substances.Water Research. 14(2): 151–160.
Mohammed, M. A., Hassan, A. H., Messiry, E. L. and Hazzaa, R. A. (2006).Removal
of trihalomethanes by dual filtering media (GAC-Sand) at El-Manshiawater
purification plant.Journal of Egyptian Public Health Association (JEPHAss.).
81 (3&4): 241-258.
Mohan, N. Kannan, G. K., Upendra, S. and Kumar, N. S. (2012). Studies of benzene
adsorption

using

response

surface

methodology.

Chemical

Engineering.19:257-265.
Mok., K. M., Wong, H. and . Fan, X. J. (2005).Modeling bromide effects on the
speciation of trihalomethanes formation in chlorinated drinking water.Global
NEST Journal. 7(1): 1-16.
Mostafa, G,.Matta, .E. and Halim, H, A. (2013).Simulation of Chlorine Decay in Water
Distribution Networks
Using EPANET
–
Case Study.Civil
and
Environmental Research. 3(13): 2013: ISSN 2224-5790 (Paper) ISSN 22250514 (Online).
Mwirichia, R., Cousin, S., Muigai, A. W., Boga, H. I. and Stackebrandt, E. (2011).
Bacterial diversity in the HaloalkalineLakeElmenteita, Kenya.Current
Microbiology. 62 (1): 209–221.
Nagatani, T., Yasuhara, K., Murata, K., Takeda, M., Nakamura, T., Fuchigami, T.
andTerashima, K. (2008). Residual chlorine decay simulation in water
distribution system. The 7th International Symposium on Water Supply
Technology, Yokohama 2006: 22-24.
Nakamura, T., Kawasaki, N., Araki, M., Yoshimura, K. and Tanada, S. (2006).
Trihalomethane removal by activated carbon fiber. Journal of Environmental

125

Science and Health, Part A: Toxic/Hazardous Substances andEnvironmental
Engineering. 36 (7): 1303-1310.
Nabeela, F., Azizullah, A., Bibi, R., Uzma, S., Murad, W., Shakir, S.K., Ullah, W.,
Qasim, M. and Hader, D. P. (2014). Microbial contamination of drinking
water

in
and

Pakistan-A

review.Environmental

science

Pollution Research. 13: 25-34.

NDWQS (2008).National Drinking water quality standards for Pakistan. Government of
Pakistan; Pakistan Environmental Protection Agency (Ministry of
Environment)
Nya, E. J. (2015). Biofilm and bio-fouling: cost and effect on drinking water quality for
human development. Journal of Global Bioscience. 4(2): 1571-1578.
Nescerecka, A., Rubulis, J., Vital, M., Juhna, T. and Hammes, F. (2014).Biological
instability in a chlorinated drinking water distribution network.PLoS ONE. 9
(5): e96354.
Nikolaou, A. D., Golfinopoulos, S. K., Lekkas, T. D. and Arhonditsis, G. B.
(2004).Factors affecting the formation of organic by-products during water
chlorination: a bench-scale study. Water, Air and Soil Pollution. 159 (1):
357-371.
Nikolaou, A. D., Lekkas, T. D., Golfinopoulos, S. K. and Kostopoulou, M. N.
(2002).Application of different analytical methods fordetermination of volatile
chlorination by-products in drinking water.Talanta. 56: 717 – 726.
Norton, C. D. and LeChevallier, M. W. (2000). A pilot study of bacteriological
population changes through potable water treatment and distribution. Applied
and Environmental Microbiology. 66 (1): 268–276.
Obi, C. L., Igumbor, J. O., Momba, M. N.B. and Samie, A. (2008). Interplay of factors
involving chlorine dose, turbidity flow capacity and pH on microbial quality
of drinking water in small water treatment plants. Water.SA. 34 (5): 565-572.
Ozbey, N., Yarg, A.F., Yarbay-Fahin, J. C. R. Z. and Onal, E. (2013).Full factorial
experimental design analysis of reactive dye removal by carbon
adsorption.Hindawi Publications Corporation: Journal of Chemistry. 13:1-12,
Article ID 234904, 13 pages. http://dx.doi.org/10.1155/2013/234904
126

Park, S.R., Mackay, W.G. and Reid, D.C. (2001).Helicobacter sp. recovered from
drinking water biofilm sampled from a water distribution system. Water
Research. 35(6):1624-1626.
Patni, A., Ludlow, G. and Adams, C. D. (2008). Characteristics of ground granular
activated carbon for rapid small scale column tests. Journal of
Environmental Engineering. ASCE. 134 (3): 216-221.
Pedersen, K. (1990). Biofilm development on stainless steel and PVC surfaces in
drinking water.Water Research. 24: 239–243.
Platikanov, S.,Tauler, R. ,Rodrigues , P. M.,Antunes, M.C., Pereira, D. and Esteves
da Silva, J. C. (2010). Factorial analysis of the trihalomethane formation in the
reaction of colloidal, hydrophobic, and transphilic fractions of DOM with free
chlorine.Environmental Science and Pollution Research International. 17(8):
1389-1400.
Poddar, M., Nair, A.N., Amit, B. and Mahindrakar, B. (2013). A review on the use of
rapid small scale column test (RSSCT) on predicting adsorption of various
contaminants. IOSR Journal of Environmental Science, Toxicology and Food
Technology. 3 (1): 77-85.
Potwara, R. (2009). Chlorine and chloramine removal with activated carbon.Spot light.
Water Conditioning and Purification.5: 22-24.
Propato, M. P and Ubar, J. G (2004). Vulnerability of water distribution systems to
pathogen intrusion: how effective is a disinfectant residual? Environmental
Science and Technology. 38: 3713-3722.
Qaiser, S., Hashmi, I. and Nasir, H. (2014).Chlorination at treatment plant and
drinking water quality: a case study of different sectors of Islamabad, Pakistan.
Arabian Journal for Science and Engineering.39 (7): 5665-5675.
Radian, A., Carmeli, M., Zadaka-Amir, D., Nir, S., Wakshal, E. and Mishael, Y. G.
(2011). Enhanced removal of humic acid from water by
micellemontmorillonite composites: Comparison to granulated activated
carbon.
Applied Clay Science. 54: 258–263.
Regan, J. M., Harrington, G. W. and Daniel R. N.(2001). Ammonia and nitriteoxidizing bacterial communities in a pilot-scale chloraminated drinking water
distribution system.Applied Environmental Microbiology. 68 (1): 7381.
127

Ramakrishna,G. and Susmita, M. (2012).Application of response surface methodology
for optimization of Cr (III) and Cr(VI) adsorption on commercial activated
carbons.Research Journal of Chemical Science. 2(2): 40-48.
Ramyadevi, D., Subathira, A. and Saravanan, S. (2012). Use of response surface
methodology to evaluate the extraction of protein from shrimp waste by
aqueous two-phase system (polyethylene glycol and ammonium citrate).
Journal ofEnvironmental Research and Development. 6 (4):1012-1018.
Rezaee, R., Maleki, A., Jafari, A., Mazloomi, S., Zandsalimi, Y. and Mahvi, A. H. (2014).
Application of response surface methodology for optimization of natural
organic matter degradation by UV/H2O2 advanced oxidation process.
Journal of Environmental Health Science and Engineering. 12: 67-78.
Richardson, S. D. and Postigo, C. (2012).Drinking water disinfection byproducts.Emerging organic contaminants and human health, The Handbook of
Environmental Chemistry.93:137.
Richardson, S. D.,Plewa, M. J., Wagner, E. D. , Schoeny, R. and Demarini, D. M.
(2010). Occurrence, genotoxicity, and carcinogenicity of regulated and
emerging disinfection by-products in drinking water: a review and roadmap
for research, Mutant Research. 636 (1-3):178-242.
Ristoiu, D., Gunten, U. V., Mocan, A., Chira, R., Siegfried, B. , Kovacs, M. H. and
Vancea, S. (2009). Trihalomethane formation during water disinfection in four
water supplies in the Somes river basin in Romania.Environmental Science
and Pollution Research International.16 (1):55-65.
Rind, A. M., Mastoi, A.A., Mastoi, G. M., Almani, K.F., Hullio, A. A., Somroo, A.R.
and Mallah, S. (2014). Quality examination of drinking water: a cause
study of water filtration plants installed at Hyderabad city, Sindh, Pakistan.
Journal of Biodiversity and Environmental Science (JBES). 4 (3): 289-295.
Roccaro, P., Korshin, G. V. and Cook, D., Chow, C. W. K. and Drikas, M.(2014). Effects
of pH on the speciation coefficients in models of bromide influence on the
formation of trihalomethanes and haloacetic acids.Water Research. 62: 117126.
Rodriguez, M. S. M. , Pedro, C. G., Silva, J. E.andAntunes, M. C. G. (2007). Factorial
analysis of the trihalomethanes formation in water disinfection using
chlorine.AnalyticaChimica Acta.595 (1–2): 266–274.
Rodriguez, M. J. and Erodes, J. S. (2005). Laboratory-scale chlorination to estimate the

128

levels of halogenated DBPS in full-scale distribution systems, Environmental
Monitoring and Assessment. 110: 323–340.
Rodger, M. and Boczek, L. (2011). Microbes and drinking water quality in developed
countries. Encyclopedia of Environmental Health.749-756.
Romos, H. M., Loureiro, D., Lopes, A., Fernandes, C., Covas, D., Reis, L. F. and Cunha,
M.C. (2010). Evaluation of chlorine decay in drinking water systems
for different flow conditions: From Theory to Practice. Water Resource
Management. 24:815–834. DOI 10.1007/s11269-009-9472-8.
Rozej, A., A. C. Kowalska, K. B. and Kowalski, D. (2015).Structure and microbial
diversity of biofilms on different pipe materials of a model drinking water
distribution systems.World Journal of Microbiology and Biotechnology.
31:37–47.
Sadiq, R. and Rodriguez, M. J. (2004). Disinfection by-products (DBPs) in drinking
water and predictive models for their occurrence: a review. Science of the
Total Environment. 321: 21–46.
Sagbas, A. (2011). Analysis and optimization of surface roughness in the ball
burnishing process using response surface methodology and desirability
function. Advances in Engineering Software. 42: 992–998.
Salman, J. M. (2013). Preparation of mesoporous-activated carbon from branches of
pomegranate trees: optimization on removal of methylene blue using response
surface methodology. Journal of Chemistry. 13(6): 6-12.
Samadi, M. T., Nasseri, S., Mesdaghinia, A. R. and Alizadefard, M. R. (2004). Removal
of chloroform (CHCl3) from Tehran drinking water by GAC and air stripping
columns.Iranian Journal of Environmental Health, Science and
Engineering.1(1):5-11.
Samra, Z. Q., Naseem, M., Khan, S. J. , Dar, N. andAthar, M. A. (2009). PCR targeting
of antibiotic resistant bacteria in public drinking water of Lahore
metropolitan, Pakistan.Biomedical Environmental Science. 22(6):458-63.
Sarbatly, R. H. J. and Krishnaiah, D. (2010). Free chlorine residual content within the
drinking water distribution system. International Journal of Physical Science.
2 (8):196-201.
Sahu, J.N.Acharya, J. and Meikap, B. C. (2009).Response surface modeling and
optimization of chromium (VI) removal from aqueous solution using
129

Tamarind wood activated carbon in batch process.Journal of Hazardous
Material.172 (2–3): 818–825.
Saitou, N. and Nei, M. (1987).The neighbor joining method: A new method for
reconstructing phylogenetic trees. Molecular Biology and Evolution. 4(4):
406-425.
Siddique, A., Saied, S., Zaigham, N. A., Mumtaz, M., Mahar, G. A. and Mihiuddin, S.
(2012). Temporal variability of disinfection by-products concentration in
urban public water system.Global Nest Journal. 14(4): 393-389.
Sakkas, V. A., Islam, M. A., Stalikas, C. andAlbanis, T. A. (2010).Photocatalytic
degradation using design of experiments: A review and example of the Congo
red degradation. Journal of Hazardous Materials. 175: 33–44.
Simoes, L. C., Simoes, M. and Vieira, M. J. (2010). Influence of the diversity of bacterial
isolates from drinking water on resistance of biofilms to disinfection. Applied
and Environmental Microbiology. 76(19): 6673–6679.
Singh, U. P., Rai, P., Pandey, P. and Sinha, S. (2012). Modeling and optimization of
trihalomethanes formation potential of surface water (a drinking water source)
using Box–Behnken design.Environmental Science and Pollution
Research. 19 (1): 113-127.
Shamsaei, H., Jaafar, I.O. and Basri, N. E. A. (2013).Effects of velocity changes on the
water quality in water distribution systems research.Journal of Applied
Science, Engineering and Technology. 5 (14): 3783 – 3790.
Shamsaei, H., Jaafar, O. and Basri, N. E. A. (2013). Effects of residence time to water
quality in large water distribution systems. Engineering. 5: 449-457.
Shi, X. Y., Jin, D. W., Sun, Q. Y. and Li, W. (2010).Optimization of conditions for
hydrogen production from brewery wastewater by anaerobic sludge using
desirability function approach.Renewable Energy. 35: 1493–1498.
Shrivastava, A. and Gupta, V. B. (2011).Methods for the determination of limit of
detection and limit of quantitation of the analytical methods.Chronicles of
Young Scientists.2(1): 21-25.
Sketchell, J., Peterson, H. G. and Christofi, N. (1995).Disinfection by-product
formation after biologically assisted GAC treatment of water supplies with
different bromide and DOC content.Water Research. 29 (12): 2635-2642.
Sly,L. I., Hodgkinson, M. C. and Arunpairojana, V. (1990). Deposition ofmanganese
130

in a drinking water distribution system. Applied and Environmental
Microbiology. 56 (3):628-639.
Sohn, J., Amy, G., Cho, J., Lee, Y. and Yoon, Y. (2004). Disinfectant decay and
disinfection by-products formation model development: Chlorination and
ozonation by-products.Water Research. 38: 2461–2478.
Srinivasan, S., Harrington, G. W., Xagoraraki, I. and Goel, R. (2008).Factors affecting
bulk to total bacteria ratio in drinking water distribution systems. Water
Research. 42(13):3393-404.
Tamura, K., Nei, M. and Kumar, S. (2004).Prospects for inferring very large phylogenies
by using the neighbor-joining method. Proceedings of the National Academy
of Sciences (USA).101: 11030-11035.
Tavakoli, A., Yazdani, R., Shahmansouri M.R.andIsfahani, B.N.(2005). Chlorine
residual efficiency in inactivating bacteria from secondary contamination in
Isfahan in 2002.Eastern Mediterranean Health Journal.11(3):425-34.
Tebeje, Z (2013). GAC adsorption processes for chloroform removal from drinking
water. Tanzania Journal of Natural and Applied Science (TaJONAS). 2(1):
352-358.
Tee O. S., Paventi M. and Bennett J. M. (1989). Kinetics and mechanism of the
bromination
of
phenols
and
phenoxide
ions
in
aqueous
solution.Diffusioncontrolled rates.Journal of American Chemical Society.111:
2233 – 2240.
Trang, V. N., Phuong, L. D., Dan, N. P. and Visvanathan X. B. (2012).Assessment on
the trihalomethanes formation potential of Tan Hiep water treatment
plant.Journal of Water Sustainability. 2 (1): 43–53.
Trinh, T. K. and Kang, L. S (2010).Application of response surface method as an
experimental

design to

optimize

coagulation

tests,

Environmental Engineering Research. 15 (2): 63-70.
Tripathi P, Srivastava V.C. and Kumar A. (2009).Optimization of an azo dye batch
adsorption parameters using Box-Behnken design.Desalination. 249: 1273 –
1279.
Tuncel, S. G., and Topal, T (2011).Multifactorial optimization approach for
determination of polycyclic aromatic hydrocarbons in sea sediments of

131

Turkish Mediterranean Coast. American J of Analytical Chemistry.(AJAC). 2:
783-794.
US-EPA (2004). Health risks from microbial growth and biofilms in drinking water
distribution systems. Office of Water (4601M) Office of Ground Water and
Drinking Water Distribution System White Paper.
http://www.epa.gov/safewater/disinfection/tcr/regulation_revisions.html
Velten, S., Knappe, D. R. U.,Traber, J., Kaiser, H. P., Gunten, U.V., Boller, M.
andMeylan, S (2011). Characterization of natural organic matter adsorption in
granular activated carbon adsorbers.Water Research.45(13): 3951–3959.
Vishnivetskaya, T. A., Kathariou, S. andTiedje, J. M. (2009). Extremophiles. The
exiguobacterium genus: biodiversity and biogeography. 13(3):541-55.
doi: 10.1007/s00792-009-0243-5.
Wang, H. and Falconer, R. A. (1998). Simulating disinfection processes in chlorine
contact tanks using various turbulence models and high-order accurate
difference .Schemes. Water Research.32 (5): 1529 - 1543.
Wang, L.T., Tai, C. J, Wu, Y.C., Chen, Y. B., Lee, F. L. andWang S. L. (2010).
Pseudomonas taiwanensis sp. isolated from soil.International Journal of
Systematic and Evolutionary Microbiology. 60 (9): 2094-8.
Wang, Q., Gao, B., Wang, Y., Yang, Z., Xu, W. and Yue, Q. (2011). Effect of pH on
humic acid removal performance in coagulation–ultrafiltration process and the
subsequent effects on chlorine decay, Separation and Purification
Technology. 80: 549–555.
Wang, F., Ruan, M., Lin, H., Zhang, Y., Himg, H. and Zhou, X. (2014): Effects of
ozone pretreatment on the formation of disinfection by-products and its
associated bromine substitution factors upon chlorination/chloramination of
Tai Lake water. Science of the Total Environment 475: 23–28.
Wass, J. A. (2011). A Further Step in Experimental Design (III): The Response
Surface Journal of Validation Technology. 54-62.
Wei, L. L., Zhao, Q. L., Xue, S. and Jia, T. (2008) Removal and transformation of
dissolved organic matter in secondary effluent during granular activated
carbon treatment. J Zhejiang University Sci A. 9(7): 994-1003.
Westrell, T., Bergstedt, O.,Stenstrom, T. andAshbolt, N.J. (2003). A theoretical
132

approach to assess microbial risks due to failures in drinking water systems.
International Journal of Environmental Health Research.13 (2): 124-137. W.
H.O. (2004). Guidelines for drinking water quality, third edition. Geneva.
W.H.O (2011). Guidelines for drinking- water quality, 4th Edition. World Health
Organization, Geneva. 1–541.
Williams, M. M. and Braun-Howland, E. B. (2003). Growth of Escherichia coli in model
distribution systems biofilm exposed to hypochlorous acid or
monochloramine. Applied and Environmental Microbiology. 69 (9): 5463.
Wingender, J. and Flemming, H. (2011). Biofilms in drinking water and their role as
reservoir for pathogens.International Journal of Hygiene and Environmental
Health. 214 (6): 417–423.
Wu, H., Zhang, J., Mi, Z., Xie, S., Chen, C. and Zhang, X. (2015). Biofilm bacterial
communities in urban drinking water distribution systems transporting waters
with different

purification

strategies.Applied

Microbiology and

Biotechnology. 99: 1947 –1955.
Younis, S. A., El-Azab, W. I., El-Gendy, N, S., Aziz, S. Q., Moustafa, Y. M., Abdul
Aziz, H. and Abu Amr, S. S. (2014). Application of response surface
methodology to enhance phenol removal from refinery wastewater by
microwave process.International Journal of Microwave Science and
Technology. 2014: 639457, 1-12. Hindawi Publishing Corporation.
http://dx.doi.org/10.1155/2014/639457.
Yu, J., Kim, D. and Lee, T. (2010). Microbial diversity in biofilms on water
distribution pipes of different materials. Water Science and Technology. 61
(1): 163-171.
Yunardi.,Zulkifli., and Masrianto. (2011). Response surface methodology approach to
optimizing process variables for the densification of rice straw as a rural
alternative solid fuel. Journal of Applied Science. 11(7): 1192-1198.
Zewdu, T. (2011) GAC adsorption processes for chloroform removal from drinking
water. Tanzania Journal of Natural and Applied Sciences (TaJONAS). 2(1):
352-358.
Zhou, L.L., Zhang, Y. G. and Li, G. B. (2009).Effect of pipe material and low level
disinfectants on biofilm development in a simulated drinking water
distribution system.Journal of Zhejiang University of Science. A. 10(5):72573.

133

APPENDIX-A

A1: Proto-type DN at IESE

Pipe loop system

Sampling ports

A2: Proto-type DN at UCL, London

Sampling ports

Pipe loop system
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B-1:Colonial morphology of the bacterial isolates
Sr.
#

Bacterial
strain

Shape

Size

Elevation

Margins

Color

Surface

Opacity

1.

SR-A

Irregular

Big

Flat

lobute

Creamy

Shinning

Opaque

2.

SR-B

Round

Medium

Flat

Entire

Creamy

Shinning

Opaque

3.

SR-C

Round

Medium

Elevated

Entire

Creamy

Shinning

Opaque

4.

SR-D

Round

Small

Elevated

Entire

Creamy

Shinning

Opaque
Opaque

5.

SR-E

Round

Big

Flat

Entire

Creamy

Centre
shinning,
corner dry

6.

SR-F

Round

Minute

Elevated

Entire

White

Shinning

Opaque

7.

SR-G

White to
yellow

Small

Elevated

Entire

White

Shinning

Opaque

8.

SR-H

Round

Medium

Elevated

Entire

Creamy

Shinning

Opaque

9.

SR-I

Irregular

Big

Flat

Lobute
and wavy

Creamy

Dry

Opaque to
translucent

10.

SR-J

Irregular

Medium

Flat

Lobute

Creamy

Dry

Opaque to
translucent
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C-1: Colonial morphology on agar plates
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