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Abstract
Practice of UV/H2O2 advanced oxidation treatment has emerged as viable alternative for
removing micro-pollutants and other organic contaminants from surface water. However,
presence of natural organic matter (NOM) in water is problematic and hinders the efficacy of the
treatment process. Indeed, NOM can undergo significant partial oxidation leading to generation
of smaller more easily assimilable organic molecules (i.e., AOC). Earlier studies have found
AOC as the potential cause of bacterial regrowth and other water health concerns thereof within
the distribution system. Nonetheless, impact of UV/H2O2 process on biostability of downstream
water has not gained much attention. However, a method recently developed by Hammes and
Egli (2005) opened the opportunity for more accurate and relatively rapid quantification of the
AOC. The main focus of this research was to modify and evaluate the protocol of Hammes and
Egli (2005) for quantifying the biostability of water before and after UV/H2O2 process. More
importantly, this research aimed to contribute substantially to the current understanding of easily
assimilable organic molecules formation during UV/H2O2 treatment. As a result, different
characterization techniques (e.g., HPSEC, UV254, and TOC) were utilized to monitor
transformation of NOM and to study the relationships among different NOM characteristics
(e.g., molecular size distribution, UV254, and AOC). Considering the concerns associated with
NOM (especially when oxidation is applied in the treatment train), elimination of NOM ahead of
the oxidation process can potentially increase the UV/H2O2 treatment efficacy as well as the
finished water quality. Moreover, as the regulations become more stringent, many utilities hope
to comply with them by retrofitting existing facilities and avoiding the construction of new ones.
Thus, this research also focused to investigate the impact of a pre-treatment process such as
coagulation to eliminate NOM prior to UV/H2O2 treatment. Using coagulation as pretreatment
ahead of UV/H2O2 will be potentially of interest for those utilities that are currently applying
ii

coagulation and hope to comply with new regulations by minimum capital investment. More
importantly, this would be beneficial because of the need to improve process efficacy and also
final water quality and the reduced formation of disinfection by-products (DBPs) within the
distribution system.
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1.1

Introduction
Importance of Safe Drinking Water

Water is the lifeblood of the planet and a key substance for human life. It is a medium through
which elements interact and also circulate within the environment. Furthermore, water is an
important medium to carry natural and anthropogenic harmful contaminants. The quality of
drinking water is a powerful environmental determinant of health. Water related diseases impose
a terrible toll on human health, as two million people die every year from diarrheal diseases
(including cholera) associated with inadequate clean water supply, sanitation and hygiene. The
majority are children in developing countries (WHO, 2003). Health Canada estimates that unsafe
drinking water is the cause of many illnesses and deaths every year (Ecojustice, 2006). However,
these problems can be largely prevented through the practice of appropriate treatment processes
as well as proper protection of the water sources.
1.2

Treatment Technologies and Challenges

While the practice of conventional treatment alternatives could be satisfactory in many cases
including the removal of pathogens, such treatments are known to be susceptible to failure when
challenged by recalcitrant micro-pollutants. Moreover, as the water quality regulations have
become more stringent, the demand for reliable and robust treatment processes has increased. So,
efforts have been made to address and overcome key water quality issues.
Researchers have, over the years, studied many different alternatives for the elimination of
emerging micro-pollutants. Among the options proposed, one involves the use of a very strong
oxidative environment, such as advanced oxidation, in which everything could potentially be
converted to carbon dioxide and water. Advanced Oxidation Processes (AOPs) typically involve
the generation of the nonselective highly reactive hydroxyl radical (•OH) that performs the
1

oxidation and degradation of target contaminants and species. As a result, these processes have
gained much attention during the past decades and their application has shown to be promising in
removing very aggressive compounds and micro-pollutants (Sarathy and Mohseni, 2006).
1.3

UV-based Advanced Oxidation Processes (AOPs)

Ultraviolet (UV) based AOPs are very promising for the elimination of

taste and odor

compounds, a broad range of micro-pollutants, and natural organic matter (NOM) from raw
drinking water (Parsons and Byrne, 2004; Sarathy and Mohseni, 2006). Among various UVbased AOPs, UV and hydrogen peroxide (UV/H2O2) process is the only one currently applied
commercially for the removal of organic contaminants in drinking water from surface water
reservoirs (Tuhkanen, 2004; Sarathy and Mohseni, 2006). It has been applied for the abatement
of pesticides, pharmaceuticals, and personal care products and endocrine disrupting compounds
(Kruithof et al., 2002; 2007; Swaim et al., 2008; Andreozzi et al., 1999). However, in
commercial application of UV/H2O2 process, presence of NOM, a complex mixture of organic
compounds generated from the breakdown of animals and plants body materials, in water hinders
the efficacy of UV/H2O2 process. NOM scavenges UV irradiation and hydroxyl radicals, leading
to increased energy consumption. In addition, studies have shown that the conditions applied in
commercial application of UV/H2O2 process in drinking water treatment could lead to partial
oxidation of natural and complex organic molecules, potentially producing lower molecular
weight organic compounds (Sarathy and Mohseni, 2007). Earlier studies have found smaller
organic carbon molecules to be assimilable by the microorganisms present in water and the
potential cause of bacterial regrowth and other water health concerns thereof within the
distribution system (Escobar et al., 2001; Hem and Efraimsen, 2001).

Hence, proper

quantification and assessment of biological stability of water and measurement of assimilable
organic carbon (AOC) during treatment with AOPs is crucial. In particular, it is essential to
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assess how AOC and biostability of water are altered during the UV/H2O2 treatment, which is
currently the most widely applied AOP in drinking water and re-use applications.
1.4

Assimilable Organic Carbon (AOC) Assay

Conventional AOC assay (Clescerl et al., 1999) involves indirect estimation of AOC via
enumeration of the heterotrophic bacteria after regrowth. The result is stated in terms of acetate
carbon equivalent (Kasahara and Ishikawa, 2002). This process was originally developed by Van
der Kooij et al. (1982, 1992), and was later improved by LeChevallier et al. (1993) via raising
the incubation temperature and inoculum density. However, limited information of actual
biostability due to the utilization of pure cultures, i.e., Pseudomonas fluorescens P-17 and
Spirillum NOX, as well as difficult and time-demanding procedure, have made the conventional
bioassay less desirable and/or practiced (Hammes and Egli, 2005; Clescerl et al., 1999; Van der
Kooij et al., 1982; LeChevallier et al., 1993). A simpler, more rapid and more accurate technique
has recently been developed by Hammes and Egli (2005) using flow cytometric counting of
bacteria in combination with fluorescence staining of microbial cells. Despite its success as a
reliable method, FC has not been used for the waters treated with UV- based AOPs, in particular
UV/H2O2 process.
1.5

Improving the Efficacy of UV/H2O2 Treatment Process

Given the concerns associated with the presence of organic matter, elimination of NOM (prior to
UV/H2O2 treatment) would be beneficial. This is not only because of the need to improve the
process efficacy, but also due to the impact on final water quality and the reduced formation of
Disinfection by-Products (DBPs) within the distribution system. Therefore, utilizing a pretreatment stage upstream of the UV/H2O2 treatment will be desired and even necessary.
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Accordingly, coagulation is considered as the viable pretreatment alternative due to its
availability and well understood reaction mechanism.

This work aimed to quantify the impact of UV/H2O2 treatment process on biological stability of
water through measurement of AOC. To do so, the rapid and accurate technique proposed by
Hammes and Egli (2005) was adapted and modified to allow accurate assessment of the AOC
after UV/H2O2 treatment. The critical step for the UV/H2O2 treated water was using a H2O2
quenching agent with minimal impact on the actual AOC. This step was indispensable since
during UV/H2O2 a considerable portion of the dosed peroxide remains un-reacted and any
residual H2O2 could inhibit the growth of microorganisms leading to incorrect measurement of
AOC. Therefore, it was important to remove the residual H2O2 effectively but with the least
impact on the AOC content. As a result, several (organic and inorganic) quenchers were
examined and their impact on AOC was assessed.
In addition to the generation of readily biodegradable organic molecules, NOM can also reduce
the efficacy of the UV/H2O2 treatment and potentially lead to the formation of undesirable byproducts. Hence, utilizing an alternative process in order to remove NOM ahead of the UV/H2O2
would be beneficial not only because of the demand to improve the process efficacy, but also due
to the effect on final water quality.
Alum coagulation was evaluated as pretreatment to UV/H2O2 process because it is being widely
used and has been shown to effectively in reduce NOM. In this study, the impacts of alum
coagulation on NOM removal, the performance of downstream UV oxidation process, and the
quality of the finished water (e.g., AOC, TOC) were investigated for different water qualities
(i.e., different TOC and alkalinity).
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1.6

Presentation of the Data

The abovementioned objectives were achieved step by step throughout the project and detailed
explanation of each stage is provided in the following chapters.
Chapter Two presents the literature review on one of the current issues in drinking water
treatment (e.g., NOM). Through this chapter several water treatment processes are briefly
explained with the main focus on the advanced oxidation process in particular UV/H2O2
treatment.
Chapter Three specifies the main objectives of this research and highlights the significance and
the contribution of this work to the field.
Chapter Four discusses the experimental approach taken to meet the objectives of this study.
Detailed explanation of each experimental procedure in addition to the NOM characterization
techniques is elaborated in this chapter. More importantly, the protocols that were used for the
immobilization of Catalase on two different supports (for quenching H2O2 after the treatment)
are compared and explained in detail.
Chapter five is dedicated to present and discuss the findings that could enhance and improve the
existing knowledge about the proposed method by Hammes and Egli (2005) for AOC
determination. This was done since the significance of some steps (i.e. Inoculation and
Pasteurization) within the procedure was not well laid out. Through the experiments valuable
findings were obtained that would help to conduct the AOC test with more confidence and
accuracy. Results provided in this chapter indicate the reliability of the developed biocatalyst for
subsequent UV/H2O2 experiments in which H2O2 must be removed prior to the AOC analysis.
Chapter six describes the experimental results on the impact of UV/H2O2 process on assimilable
organic carbon (AOC) of natural and synthetic waters. The method developed in chapter five
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was used to assess biological stability of water. In addition, other water characteristics (UV254,
TOC and molecular size distribution) were monitored during the UV/H2O2 treatment and
findings are presented, discussed, and intercorrelated. In addition to AOC measurements, BDOC
of the UV/H2O2 treated water was also assessed in collaboration with research, development and
validation center for water treatment technologies and processes (CREDEAU) (Dr. Barbeau’s
Lab) at Ecole Polytechnique de Montreal. Results obtained demonstrate meaningful relationship
between AOC and BDOC of the treated water. This can be helpful since both AOC and BDOC
can substantially enhance our understanding of biodegradable organic matter within the water.
Chapter Seven is devoted to demonstrate the effect of coagulation pretreatment ahead of the
UV/H2O2 process on different characteristics of NOM and hence downstream water quality. It
was found that using Alum as coagulant can hugely improve the UV/H2O2 treatment efficacy,
hence reducing energy requirements as well as formation of undesirable by products.
Chapter Eight summarizes and highlights the most significant outcomes of this study and
provides recommendations and suggestions for future researches.
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2
2.1

Literature Review
Natural Organic Matter (NOM)

Natural organic matter (NOM) refers to a complex mixture of organic compounds, originated
from the breakdown of natural species including plants and animals, usually found in many
surface water sources (Leiknes et al., 2004; Frimmel, 1998). The chemical characteristics of the
molecules comprising NOM are not only influenced by the nature of the source materials
(allochthonous), but also by the biological processes involved in carbon cycling within the
terrestrial and aquatic systems (autochthonous) (Thomson et al., 2004; Rosario-Ortiz et al.,
2007). These processes include allochthonous flow of organic carbon from the watershed,
autochthonous carbon fixation by aquatic plants, transformation and degradation of organic
materials by heterotrophic microbial activity, transport and remobilization of particulate organic
materials to the sediments, and photo-degradation by incident UV from the sun (Aiken and
Cotsaris, 1995; Westerhoff et al., 1999; Rosario-Ortiz et al., 2007; Chong Soh et al., 2008).
NOM is not a well-defined chemical entity, but can be classified into a number of groups
depending on source and season (Thomson et al., 2004). NOM is mainly composed of refractory
humic substances, hydrophilic acids, carboxylic acids, amino acids, polysaccharides,
carbohydrates, and hydrocarbons (Nishijima and Speitel, 2004; Frimmel, 1998; Nikolaou et al.,
2001). Humic substances are non-biodegradable portion of NOM and may be as high as 50–90%
in highly colored waters (Frimmel, 1998; Andrews and Huck, 1996). Studies have shown that
polymeric molecular structure of humic substances has more contribution to the formation of
disinfection by-products (DBPs) during reaction with disinfectants (Thurman, 1985; Kim and
Yu, 2005). Therefore, humic substances may be the most important portion of NOM, in terms of
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impact on water quality, and should be eliminated (or reduced) through drinking water treatment
practices.
2.2

Current Issues with the Presence of NOM

NOM plays an important role in many different reactions and processes, thereby affects water
quality during the course of treatment. It is known as precursor to most halogenated and
oxygenated disinfection by-products (Chowhury et al., 2008; Sarathy and Mohseni, 2009;
Leiknes et al., 2004; Kim and Yu, 2005), a suitable substrate for bacterial regrowth within the
distribution systems (Chong Soh et al., 2008; Charnock and Kjønnø, 2000; Kaplan et al., 1993;
Sarathy and Mohseni, 2009; Thomson et al., 2004; Hammes et al., 2005), and a complexation
site for binding heavy metals (Frimmel, 1998). NOM also affects the behavior of colloidal matter
by binding to the colloid surface (Chen et al., 2007; Frimmel, 1998; Singer, 1999). Therefore,
the presence of NOM can deteriorate the efficacy and performance of the treatment process (Yan
et al., 2007). In addition, the presence of NOM in drinking water treatment is problematic, since
it consumes disinfection chemicals and causes increase in disinfectant demand (Yee et al., 2006;
Chow et al., 2004(b)), competes with micro-pollutants for sites on activated carbon, consumes
oxidants intended for micro-pollutant removal or microorganism inactivation, causes membrane
fouling, and shields UV radiation during the UV disinfection process (Thomson et al., 2004;
Sarathy and Mohseni, 2007).
Understanding and characterizing NOM are important for water utilities and operators. They
help operators to modify/amend the treatment processes in order to minimize the formation of
undesirable by-products (Chow et al., 1999, 2004(a), 2004(c); Drikas et al., 2003), a task which
has attracted a lot of attention and research worldwide (Rosario-Ortiz et al., 2007). As a result,
several techniques have been proposed/used to understand the characteristics of NOM, thereby
helping to study its fate during the treatment practice and optimize the treatment process for
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effective removal of organic substances (Yan et al. 2007; Nikolaou and Lekkas, 2001; Frimmel,
1998; Rosario-Ortiz et al., 2007). From the methods proposed, one can mention polarity
assessment (Philibert et al., 2008;Rosario-Ortiz et al., 2007), XAD Fractionation (Chow et al.,
2004(c)), High Performance Size Exclusion Chromatography (HPSEC) (Pelekani et al., 1999),
along with other spectrophotometric methods that are reported elsewhere (Pelekani et al., 1999;
Frimmel, 1998; Nikolaou and Lekkas, 2001).
2.3

Alternatives for NOM Removal

A range of treatment alternatives have been proposed and evaluated to remove NOM, thereby
reducing its undesirable impact on the treatment process and also downstream water quality.
Among these are coagulation, ion exchange, granular activated carbon (GAC), biological
activated carbon (BAC), filtration processes, ozonation and advanced oxidation such as UV or
ozone based oxidation processes (Chen et al., 2007; Chen ,1999; Chow et al., 2002; Cook et al.,
2001; Buchanan et al., 2004). A brief discussion on each of these processes along with some of
their advantages and disadvantages is provided below:
2.3.1 Coagulation
2.3.1.1 Conventional coagulation (Alum and Ferric)
Coagulation is a process in which suspended particles are agglomerated (so they can be settled or
filtered more easily and faster) through neutralizing their charges mainly by adding a chemical
reagent. Because of its relatively simple practical aspect and cost, this process has gained much
attention during the past decades. Inorganic metal coagulants (e.g., Al2SO4.18H2O also known as
alum and Fe+3 ion known as Ferric) are commonly used for the removal of color, turbidity and
NOM in drinking water (Xiangli et al., 2008; Uyak and Toroz, 2007; Chong Soh et al., 2008;
Drikas et al., 2003; Chow et al., 1999). However, it has been recognized that high residual
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amounts of inorganic coagulants (i.e., aluminum) can potentially induce adverse health effects
including Alzheimer disease (Rizzo et al., 2008; Flaten, 2001; Miller et al., 1984; McLachlan,
1996). Therefore, many recent studies have focused on modification and enhancement of the
coagulation process (i.e., through optimization of pH and coagulant dose) to achieve greater
removal while minimizing detrimental impact on water quality. Studies demonstrated that
optimized coagulation (enhanced coagulation) will improve organic carbon removal
considerably while reducing the amount of coagulant used (Chow et al., 1999; Van Leeuwen et
al., 1999; Rizzo et al., 2008).
2.3.1.2 Coagulation using natural organic coagulants
Natural organic coagulants (e.g., Chitosan) are considered as viable substitute to conventional
inorganic coagulants and subject of some research. The driven force behind this has been the
health concerns (i.e., Alzheimer) as well as sludge formation and the related disposal problems
associated with using conventional coagulants. Natural organic coagulants (NOCs) have been
successfully practiced in the past several years for water and wastewater treatment applications
(Selmer-Olsen et al., 1996; Diaz et al., 1999; Rizzo et al., 2008). NOCs can be classified
according to the natural source that they are extracted from such as: plant seeds, plant and animal
(Selmer-Olsen et al., 1996; Diaz et al., 1999). Among these, Chitosan, a linear cationic polymer
of high molecular weight obtained by de-acetylation of chitin which is manufactured from the
outer shell of crustaceans (particularly crabs and shrimp), has been proposed and evaluated for
applications in waste and drinking water treatment processes (Rizzo et al., 2008; Selmer-Olsen et
al., 1996; Diaz et al., 1999). While early research and applications showed promising results,
further research is required to examine the performance and applicability of Chitosan for
drinking water treatment applications and different water qualities.
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2.3.2

Ion exchange process (IEX)

The ion exchange process (IEX) is a process wherein reversible exchange of an ion between a
solid, insoluble resin and the surrounding water takes place (Cornelissen et al., 2008). Since
NOM consists largely of negatively charged poly-electrolytes, it can be removed effectively
using IEX, depending on the characteristics of NOM and properties of the water (Bolto et al.,
2002 (a), 2002(b); Chen, 1999). IEX resins have been shown to perform well in comparison with
other water treatment processes such as activated carbon, non-ionic resins and cationic polymers
in removing small to medium molecular weight NOM (Humbert et al., 2005; Fearing et al.,
2004(b); Fu and Symons, 1990).
More recently, ion exchange processes have received considerable attention with the use of a
new magnetic ion exchange resin, MIEX®, which has been designed and successfully evaluated
for the removal of DOC from drinking water (Singer and Bilyk, 2002; Drikas et al., 2003;
Fearing et al., 2004(a); Humbert et al., 2005). Two main features make this strong anion
exchange resin different from traditional ones. First, the MIEX® beads are 2-5 times smaller than
those of conventional ones which allow rapid sorption kinetics. Secondly, the MIEX® backbone
contains a high proportion of a magnetic iron oxide compound, helping fine resin beads
agglomerate into larger and fast settling particles (Humbert et al., 2007).
2.3.3

Adsorption

Adsorption is a treatment technology often considered when removal of dissolved organics is
targeted (Jacangelo et al., 1995). In water treatment, adsorption process is basically divided in
two main categories, namely Granular Activated Carbon (GAC) and Powder Activated Carbon
(PAC) which are widely used for taste and odor reduction (Jacangelo et al., 1995). While
effective at removing NOM and DOC to some degree, adsorption process is accompanied by
significant cost and GAC efficiency is limited to only hydrophobic compounds (Fabris et al.,
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2004; Cook et al., 2001; Newcombe et al., 2002(a), 2002(b), 2002(c), 2002(d); Nishijima and
Speitel, 2004). Despite the costs associated with GAC, its effectiveness at removing a wide range
of organic compounds and disinfection by-products has placed it among the viable technologies
that have received major research efforts for further optimization (Jacangelo et al., 1995).
The GAC which has biological activity on its surface and removes significant amount of DOC
through biodegradation is referred to as biological activated carbon (BAC). However, standalone
BAC treatment is not feasible for reducing DBP precursors (Toor, 2005; Toor and Mohseni
2007); hence, transformation of refractory NOM into biodegradable dissolved organic carbon
(BDOC) ahead of BAC treatment is known to be effective for the extension of GAC service life
and reducing the organic load on the carbon bed (Kim et al., 1997; Nishijima and Speitel, 2004;
Toor and Mohseni, 2007).
2.3.4

Membrane processes

Recent improvements in membrane technology have made it an increasingly viable option for
removing microorganisms, particulates, and organic materials from raw water (Jacangelo et al.,
1995). In membrane processes, contaminants are separated based on their physical properties
such as size or charge (Jacangelo et al., 1995). Depending on the molecular size (from low to
high) of the substance to be removed, Reverse Osmosis (RO), Nanofiltration (NF), Ultrafiltration
(UF) and Microfiltration (MF) can be used for treatment applications (Jacangelo et al., 1995).
Reverse osmosis is promising at removing inorganics and small molecular size organics;
however, it requires higher pressure and creates lower flux. Nanofiltration is capable of
removing viruses, large portion of organic contaminants as well as hardness in water (Mijatovic
et al., 2004). Ultrafiltration is efficient at reducing turbidity and suspended solids in addition to
viruses. Microfiltration which has the largest molecular size cut off is utilized for removing
bacteria, Giardia and Cryptosporidium (Jacangelo et al., 1995; Mijatovic et al., 2004).
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Membrane filtration has the potential to achieve the highest removal of NOM, but the costs of
these processes are appreciably higher than those of GAC and coagulation. On the other hand,
there are still some problems associated with using membranes such as the need for pretreatment,
generation of concentrated waste, fouling, and sanitary issues that demand further research
(Jacangelo et al., 1995; Mijatovic et al., 2004).
2.3.5

Filtration systems

Filtration is another type of separation process in which water is treated by traveling through
beds of granular materials (e.g., sand) that can remove and retain contaminants. Several
configurations of these processes (i.e., slow, rapid, and conventional) have been applied to treat
water for drinking purposes (LeChevallier et al., 1991; Neef et al., 1996; Logsdon et al., 2002).
In the case of conventional filtration, it is combined with pre coagulation-flocculationsedimentation where a large portion of contaminations are aggregated/settled and are eliminated
when the water passes through the filter (Yao et al., 1971; Brehant et al., 2002). Slow sand filter,
however, must be fed with high quality water and requires larger area in comparison with rapid
sand filters (Logsdon et al., 2002).
2.3.6

Oxidation processes

2.3.6.1 Ozonation
The application of ozone in drinking-water treatment is widespread throughout the world. Ozone
is utilized in various drinking water treatment applications involving disinfection, oxidation and
removal of micro-pollutants, taste, odor, and color (Kruithof et al., 1999; Gottschalk et al., 2000;
Graham, 1999; von Gunten, 2003(a), 2003(b); Andreozzi et al., 1999; Camel and Bermond,
1998; Ikehata et al., 2008). However, ozonation may lead to the formation of some undesired byproducts, in particular bromate which is considered to be a potential human carcinogen. Bromate
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is particularly problematic because unlike many other organic by-products it is not degraded in
biological filters that are usually installed after the ozonation step (von Gunten, 2003(b);
Collivignarelli and Sorlini, 2004; Kleiser and Frimmel, 2000).
Oxidation of organic and inorganic compounds during ozonation can occur via reaction with
ozone or OH radicals or a combination thereof. Despite its high oxidation potential, ozone is
selective and may not entirely oxidize some undesirable species (Kleiser and Frimmel, 2000;
Volk et al., 1997). In the presence of NOM ozone decomposition is accelerated and more
complex reactions take place (Glaze, 1987). Also, ozonation can breakdown larger organic
compounds into more easily biodegradable ones, hence enhancing bacterial regrowth potential
(Lehtola et al., 2001; Yavich et al., 2004).
To improve the effectiveness of ozonation several processes have been suggested to be used in
combination with ozone to increase the oxidation potential of the process as well as the range of
targeted species to be removed (Volk et al., 1997). Of these processes one can mention O3/UV,
O3/H2O2 process in which nonselective OH radicals are generated (Ikehata et al., 2008; Volk et
al., 1997; Hoigné and Bader, 1976). These processes are generally referred to as advanced
oxidation processes (AOPs).
2.3.6.2 Advanced oxidation processes (AOPs)
AOPs provide a viable alternative for effective degradation of organic pollutants which
otherwise cannot be removed by conventional treatment technologies. The main advantages of
AOPs over conventional techniques is their non-selectively towards organic contaminants and
their ability to degrade the pollutants without transferring them from one phase to another or
concentrating them (Sarathy and Mohseni, 2006). Relying on extremely potent OH radicals
(oxidation potential: 2.8 V) formed in the process; AOPs have the potential to completely and
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effectively mineralize the organics (Guzzella et al., 2002; Toor and Mohseni, 2007; Anderozzi et
al., 1999; Pereira et al., 2007; Stefan and Bolton, 2002, 2005; Stefan et al., 1996, 2000; Legrini et
al., 1993). Hydroxyl radical generated through AOPs is extremely potent with only fluorine
being more reactive (Table 2.1), and is able to degrade organics as well as other pollutants in
aquatic solutions by series of reactions (Toor, 2005).
Table 2.1: Oxidation potential of various species
Species
Fluorine
OH radical
Ozone
H2O2
Cl
O2

Oxidation potential (eV)
3.0
2.8
2.4
1.8
1.4
1.2

The formation of OH radicals during AOPs is often materialized through the reactions involving
H2O2, O3, photocatalyst (e.g., TiO2), and UV irradiation. Currently, AOPs that are studied and
developed in the literature include combinations of UV/H2O2, UV/O3, UV/O3-H2O2 and
UV/TiO2 (Anderozzi et al., 1999; Guzzella et al., 2002; Suty et al., 2004).
2.3.6.3 UV based advanced oxidation
UV light can be combined with other reactive species (e.g., H2O2, O3) to effectively generate OH
radical and remove resistant organic contaminations. The absorption of photons by H2O2 causes
the split of the H2O2 molecule, generating powerful oxidizing hydroxyl radicals.
2

•

Based on the pertinent literature so far, UV/H2O2 is the most extensively studied UV-based AOP
for drinking water applications and has been shown to be promising at removing micropollutants
and organics, especially aliphatic and aromatic compounds (Cater et al., 2000; Wang et al., 2000;
Tuhkanen, 2004; Sarathy and Mohseni, 2006; Kruithof et al., 2007, 2002; Plumlee et al., 2008;
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Kitis and Kaplan, 2007; Andreozzi et al., 1999; Swaim et al., 2008; Rosenfeldt and Linden,
2004, 2005). Besides, UV/H2O2 process is the only AOP that has been commercialized and
implemented for drinking water treatment applications (Sarathy and Mohseni, 2006).
In the application of UV/H2O2 for commercial drinking water treatment two key parameters are
of importance: UV fluence (i.e., irradiation time) and the initial H2O2 concentration (Wang et al.,
2000; Stefan and Bolton, 2005), with the H2O2 dose being less than 15 ppm and UV dose
reaching as high as up to 1400 mJ/cm2 (Sarathy, 2009). During the practice of UV/H2O2 process
the presence of organic matter interacts negatively with the process leading to reduction in
removal efficacy (Sarathy and Mohseni, 2007). NOM scavenges OH radicals and shields the UV
photons to some degree causing progressive reduction in its molecular weight, DOC and
eventually to mineralization (Thomson et al., 2004; Buchanan et al., 2004). However, applied
conditions in commercial scale applications of UV/H2O2 are not strong enough to mineralize
NOM; hence, leads to its partial breakdown to lower molecular weight organic molecules (Song
et al., 2008; Sarathy and Mohseni, 2007; Toor and Mohseni, 2007; Buchanan et al., 2004). The
lower molecular weight NOM is more biodegradable and is considered to be a nutrient for
bacteria existing within the distribution systems; therefore, its impact on water biostability is of
importance (Camel and Bermond, 1998; Buchanan et al., 2004; Hem et al., 2001).
Biodegradability of organic matter is an attribute that promotes biofilm development within the
treatment facility as well as in the distribution system. Bacterial regrowth and biofilm formation
can mediate disinfectant decay and release cells to the aqueous phase (Angles ML. et al. 1999;
Chandy and Angles. 2004; Buchanan et al., 2004; Sarathy and Mohseni, 2007). Several
approaches can be taken to address the concern associated with the enhanced biodegradability of
NOM after UV/H2O2 treatment. Some researchers have suggested implementation of a
downstream BAC process after the photo-oxidation treatment to achieve higher removal of
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organic matter (Toor and Mohseni, 2007, Buchanan et al., 2004). On the other hand, Sarathy and
Mohseni (2007) have suggested applying a pretreatment process in order to eliminate higher
molecular weight NOM from water. This can provide opportunity for more effective reaction
between OH radicals and smaller organic molecules resulting in higher degradation of lower
molecular weight fractions and ensuring water biostability.
2.4

Bacterial Regrowth and Biostability

The term “biologically stable” applies to potable water that does not promote growth of
microorganisms within the distribution network. Bacterial regrowth mainly causes biofilm
formation, resulting in increased color and turbidity of the water. Moreover, biofilm formation
in pipelines in the long run causes operational problems such as biofouling and biocorrosion
(Kasahara and Ishikawa, 2002; Van der Kooij et al., 2000; Liu et al., 2002) and water quality
related issues (LeChevallier et al., 1987, 1990, 1996). Therefore, removing/inactivating
pathogens and preventing their regrowth within the distribution system are the primary
objectives of any water treatment (Van der Kooij, 1987; LeChevallier et al., 1987, 1990; Huck et
al. 1991). This is indispensible since bacterial regrowth can adversely influence consumer
preferences, such as taste and odor of water, or in the worst case, it can lead to potential health
hazards caused by opportunistic pathogens (LeChevallier et al., 1987, 1990, 1996; Kasahara and
Ishikawa, 2002; Huck, 1990). Therefore, there is a necessity to quantify the biological stability
via assessing the possibility of bacterial growth within the distribution system.
2.4.1

Biological stability assessment

Measuring DOC or TOC of water has been shown to be unreliable and insufficient for predicting
microbial regrowth potentials within the distribution system (Charnock and Kjønnø, 2000; Van
der Kooij, 1992; Van der Kooij et al., 1982). As a result, assessing biostability of water and
quantifying biodegradable portion of NOM have been the focus of much research during the past
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decades (Van der Kooij et al., 1982; Servais et al., 1987, 1989; Rittmann, 1984; Lechevalier et
al., 1993; Sathasivan and Ohgaki, 1999). There are generally two main methods for the
measurement of biodegradable organic matter (BOM). The first is assimilable organic carbon
(AOC) assay which is measured through correlating a specific organism(s) growth with
assimilable organic carbon content of the water. This technique has been identified to be
appropriate when measurement of bacterial regrowth potential is of concern. Previous studies
have already related the concentration of AOC in water to heterotrophic regrowth (Van der
Kooij, 1992; Lechevalier et al., 1993). The second technique is for measuring biodegradable
dissolved organic matter (BDOC) and is based on monitoring DOC consumption over time by
microorganism(s). In other words, BDOC is a measure of the biodegradable organic carbon in a
sample before and after incubation (Servais et al., 1987; Block et al., 1992; Ribas et al., 1997)
and becomes important when disinfectant demand or DPB formation potential is of interest
(Huck, 1990; Escobar and Randall, 2001; Kaplan et al., 1994).
The relationship between the AOC or BDOC and biostability of the water are of importance
when these parameters are both used to describe the biofilm formation potential. Easton (1993)
suggests 20 µg/L of AOC and 200 µg/L of BDOC as thresholds for biological stability, while
Van der Kooij (1992) has recommended that the limit for biostability may be below 10 µg
AOC/L. Volks and LeChevallier (2000) defined AOC>100 μg/L, at 15°C, and dead-end
disinfectant residuals <0.5 mg/L for free chlorine or 1.0 mg/L for chloramines as threshold
values for water treatment plants (Hem and Efraimsen, 2001) .
2.4.2

Biodegradable organic carbon (BDOC) assay

The BDOC assay measures the amount of DOC that is consumed (assimilated and mineralized)
by heterotrophic bacteria over a certain period of time. Several BDOC bioassays have already
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been suggested even though they are practically very similar to one another. That is, all these
methods involve inoculating the samples with natural microbial community for a certain period
of time and considering the difference between initial and final DOCs as BDOC (Servias et al.,
1987, 1989; Frias et al. 1992, 1995; Escobar and Randall, 2001; Volk et al., 1994; Kaplan and
Newbold, 1995).
Several reports have tried to elaborate the BDOC results and develop correlations between the
biostability of water with the amount of BDOC. For instance, Block et al. (1992), Servais et al.
(1995), and Volk et al. (1994) have recommended some BDOC threshold levels (e.g., 0.16 mg/L)
to maintain the biological stability of the finished water (Escobar and Randall, 2001). Kaplan et
al. (1994) observed relations between AOC and BDOC with DOC and have suggested focusing
on treatment systems individually to find statistical correlation among AOC, BDOC, and DOC.
In contrast, Huck (1990) reported meaningless relationships among these factors.

The

investigation by Van der Kooij (1984) ruled out BDOC as an indication of water biostability due
to its limited detection limit (i.e., 0.1-0.2 mg/L) and the fact that BDOC is both converted to
biomass and CO2 through assimilation and mineralization, respectively. Van der Kooij (1990)
proposed to consider AOC/BDOC ratio as an indication of relative biodegradable organic
compounds available within the water body.
2.4.3

Assimilable organic carbon (AOC) assay

AOC is a minor fraction of TOC (0.1-9%) which can be easily assimilated by the
microorganisms, resulting in proliferation of microbial cells (Van der Kooij, 1990, 1992;
Escobar and Randall, 2001). Although AOC usually constitutes only a small fraction of organic
matter in drinking water, it has been recognized as one of the most important water quality

19

parameters responsible for biological instability in drinking water treatment, storage and
distribution systems (van der Kooij, 1992; Escobar and Randall, 2001).
Recently, the appearance of AOC in the water treatment system and effluent of the treatment
plant has attracted a lot of attention (Park et al., 2005; Bradford et al., 1994; Volk et al., 2000;
Chein et al., 2007; Hem and Efraimsen, 2001). Literature reports have suggested different values
for AOC concentration (e.g., 10µg/L, 100µg/L) under which no bacterial growth will occur
(LeChevallier et al., 1987; Van der Kooij, 1982; Hammes and Egli., 2005). It also has been
reported that variation of AOC concentration follows different patterns depending on the
distribution system and the season (Bradford et al., 1994; Volk et al., 2000).
To date, several methods have been proposed/practiced for measuring AOC (Van der Kooij
1982; Jago and Stanfield, 1984; Kaplan et al., 1993; Werner, 1985, Werner and Hambsch, 1986;
Frias et al. 1992, 1995) via different approaches in bacterial growth measurement and measured
data interpretation. Below a brief introduction of each method is presented and drawbacks and
advantages are discussed.
2.4.4

Current methods for AOC measurement

Measurements of AOC are based on bacterial counts, or proxy assays thereof and as such are
theoretically closely related to the increase in heterotrophic bacteria through utilization of
organic carbon. In fact, each of the AOC assays can be applied in different situations, but some
limitations may confine and/or interfere with the data analysis and interpretation (Hammes,
2008).
2.4.4.1 Conventional AOC bioassay (Heterotrophic Plate Count)
The conventional AOC bioassay was first developed by Van der Kooij (1982) and later was
modified by others (Kaplan et al., 1993; Lechevalier et al., 1993). Conventional plate count AOC
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bioassay is based on the cultivation of pure strains (Pseudomonas Fluorescens P17 and Spirillum
NOX) in laboratory conditions. Pseudomonas Fluorescens P17 is able to utilize the carbon
content of amino acids, hydrocarboxylic acids, carboxylic acids and carbohydrates, and Spirillum
NOX is incorporated to utilize oxalic acid content of organic matter (Huck, 1990; Escobar and
Randall, 2001; Stainfield and Jago, 1987). In this method, samples are pasteurized at 60°C for 30
minutes and then are inoculated with each strain (i.e., P17 and NOX) followed by incubation at
15°C for 9 days for the bacteria to reach the stationary phase (Servais et al., 1989; Escobar and
Randall, 2000, 2001). Growth is monitored by counting Colony Forming Units (CFU) and
average growth Navg is obtained during the incubation time and is correlated to the amount of
AOC units as µg/L acetate-Carbon equivalent. It is assumed that all the utilizable organic carbon
is exhausted by the microorganisms and cell counts at the stationary phase are proportional to
AOC concentration in water (Hammes et al., 2005; Servias et al., 1987). Sodium acetate (or
oxalate) is served as the standard reference to make up artificial assimilable carbon
concentrations.
Yield coefficient, the number of cells produced per microgram of assimilable carbon, is extracted
from calibration curve which is basically heterotrophic bacteria counts versus acetate-C solution
with different concentrations (Escobar and Randall, 2001; Van der Kooij, 1982). Thereafter,
yield coefficient is used to convert the cells counted in each sample to its pertinent AOC
concentration in µg/L. However, very careful attention should be paid when obtaining yield
coefficient. Van der Kooij (2002), Kaplan et al. (1993), and Hammes and Egli (2005) have found
that yield coefficient can vary from one pure culture to another (i.e., from P17 to NOX) and also
from one organic carbon source to another (i.e., from acetate to oxalate). Moreover, yield
coefficient can differ significantly when using complex organic carbon source (i.e., natural
inoculum) compared to the one using pure carbon source such as acetate (Hammes and Egli,
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2005). Indeed, it is uncertain whether conversion to a single simple substrate is the correct
approach to reflect growth on complex organics (Hammes and Egli, 2005; Hammes, 2008).
2.4.4.2 Adenosine triphosphate (ATP) method
Adenosine Triphosphate (ATP)-based method is similar to the HPC technique, but performed in
smaller vials (i.e., 40 mL vials) and at higher temperature and inoculum density (22°C and 104
CFU/mL) (Lechevallier et al., 1993). This method significantly reduces the time required for
incubation (2-3 days) and also for the analysis (1 min). The ATP of the cells grown is extracted
with ATP releasing agent and the sample is spiked with Luciferine-luciferase agent causing to
emit a luminescence that can be detected with a luminometer. ATP luminescence units are then
converted to corresponding cells concentration and AOC using standard solutions that were
described earlier for AOC conventional bioassay (Lechevalier et al., 1993).
In comparison with the HPC technique, this method is shown to produce similar results but in
shorter time. However, similar to the HPC, this technique is susceptible to turbidity. Moreover,
the use of pure cultures (P17 and NOX) brings up the question on the extent of the organic
carbon utilization by these strains that can only consume a certain group and amount of organics
available in the sample (Hammes and Egli, 2005; Servais et al., 1987). While it has been
suggested that there is a potential to use the natural microbial community instead of pure cultures
in order obtain more realistic interpretations (Lechevalier et al., 1993; Hammes et al., 2008), no
such study has been reported.
2.4.4.3 Bacterial regrowth potential test
Bacterial regrowth potential (BRP) is an indicator developed to measure the ability of water to
support microbiological growth. In this method, turbidity of the seeded samples is monitored
through stationary phase in a specially modified turbidimeter at room temperature (Werner,
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1985; Hambsch et al., 1992; Hammes et al., 2008). Thereafter, logarithm of turbidity is plotted
versus incubation time and standard samples (i.e., Acetate-C solution with artificial
concentration) are used to correlate turbidity to AOC. The main shortcoming of this method is its
limited capacity for processing several samples at the same time (Werner, 1985; Hambsch et al.,
1992; Hammes et al., 2008).
2.4.4.4 Flow cytometry and cell staining
This is a new technique recently developed in response to the shortcomings of other AOC
techniques. Developed first by Hammes and Egli (2005), in this technique plating is replaced
with fluorescence staining of total nucleic acids of the bacteria combined with flow cytometry
(FC) as a powerful, rapid and straightforward cell enumeration and characterization technique
(Hammes and Egli, 2010). This approach also allows for the detection of inactive and/or
uncultivable microorganisms (Hammes and Egli, 2005; Hammes et al., 2008; Berney et al.,
2008). One of the strong aspects of this method is that indigenous microbial community is used
as consortium instead of conventionally used pure cultures (i.e., P17 and NOX) to ensure that a
broader range of organic carbons are utilized by the microorganisms. In fact, this would result in
higher and more complex interactions between microbial community adapted to the water and its
organic content (Hammes and Egli., 2005; Servias et al., 1987, 1989). In addition, in this method
higher incubation temperature (i.e., 30°C) is used to accelerate bacterial growth and hence,
reduce the incubation time required for the bacteria to reach the stationary phase. Moreover,
flow-cytometric enumeration method can be used to establish complete growth curves for a
natural microbial consortium growing on AOC (Hammes and Egli, 2005). Therefore, valuable
kinetic data can be extracted from the growth curves to provide much clearer insight into the
actual growth potential of water (Hammes and Egli, 2005). In order to better understand and
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obtain clearer insight into this technique, a brief introduction of flow cytometry and its principals
is given in below.
2.4.4.5 Flow cytometry (FC)
Flow cytometry (FC) is a powerful technique for cell analysis. This technique gives the ability to
enumerate, sort, and measure several properties (e.g., viability, nucleic acid content) of
individual cells (Hammes and Egli, 2010). The main advantage of FC is its easiness and fastness
for cell characterization. In brief, individual particles and cells are suspended in a flow stream
(i.e., sheath fluid) and are passed one at a time through the interrogation point where they meet
an excitation light, typically a laser beam (Hammes and Egli, 2010).This process is also known
as hydrodynamic focusing which allows for individual cell analysis. Laser beam is used at
different wavelengths (e.g., 488 and 530 nm) to count or detect various cells. When the laser
beam hits the cell, it scatters forward and also from the side. The scattered light is collected via
special detectors and transformed to signals which are transmitted to the computer. Signals
collected from Forward Scatter (FS) and Side Scatter (SS) provide information about cell size
and granularity of the cells, respectively (Hammes and Egli, 2010). Moreover, FC technique
gives the ability to differentiate various cells with different characteristics by staining the cells
using special flourophore agents (e.g., SYBR GREEN). The laser beam emitted from the source,
excites the flourophore dye attached to the cell to a higher energy level. The excitation lifetime is
extremely short and the excited flourophore emits light at a different wavelength (i.e., longer)
upon returning to its ground state energy level. Light emitted from the excited cell is then
detected and collected with special detectors that produce signals which are further translated to
meaningful data using computer software (Hammes and Egli, 2010).
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2.4.4.6 Shortcomings of the current methods for AOC measurement
A critical shortcoming of the HPC test and other cultivation-based techniques is the significant
disparity between cultivable cell counts and total cell counts (Berney et al., 2008). Moreover,
total cell enumeration also fails to differentiate between live and inactive cells. Therefore,
cultivation-independent methods, such as ATP based assays and/or flow cytometry combined
with cell staining method have been proposed to address this concern (Berney et al., 2008; Lee et
al., 2001). However, Hammes et al. (2008) have also found that ATP method is prone to
interference with extracellular ATP release of cells when a huge number of them are produced
during ozonation process.
Additionally, in the plate count method pure cultures (i.e., P17 and NOX) are used to study the
growth of bacteria on different organic compounds. However, as reported by Van der Kooij
(1990) and LeChevallier et al. (1993), P17 is not able to grow on carboxylic acids including
oxalate. NOX strain is capable of utilizing carboxylic acids, except carbohydrates, alcohols, and
aromatic acids (Van der Kooij 1984, 1990). Therefore, limited information is supplied by the
utilization of pure cultures. To address this, it has been suggested that the use of a natural
indigenous microbial community can provide more opportunity to utilize broader range of
organics and also offer more reliable information of the actual AOC content of the sample
(Hammes and Egli, 2005; Servais et al., 1987).
Conventional bioassay for AOC measurement is tedious and time-consuming (9-12 days) in
comparison with FC which is relatively short and only takes 2-3 days. Hammes and Egli (2005)
have compared the conventional AOC bioassay with FC and obtained more accurate, precise and
reliable data when using flow cytometric enumeration (LeChevallier et al., 1993; Hammes and
Egli, 2005).
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2.4.5

Impact of oxidation processes on AOC and BDOC

Oxidants like chlorine, ozone, and hydroxyl radicals could break down large organic compounds
into small molecules (e.g., oxalic acid), which could be easily assimilated by microorganisms
leading to increases in the AOC of treated water (Lehtola et al., 2001; Liu et al., 2002; Sarathy
and Mohseni, 2007, 2009; Escobar et al., 2001; Van der Kooij et al., 1984; Chien et al., 2007,
2009). Bradford et al. (1994) evaluated the impact of ozonation on AOC of ground and surface
waters in southern California using two different bioassays and showed that the AOC increased
substantially after ozonation. Similar study was performed by Yavich et al. (2004) looking at the
impact of ozonation from mild to intense conditions followed by biofiltration on three different
lake waters (i.e., three different NOM). The results showed formation of slowly and rapidly
biodegradable organic carbon as a result of organic matter molecules oxidation. Analogous
observation was obtained by Chien et al. (2007) in which ozonation was found to enhance
formation of more biodegradable organic matter. Interestingly, Liu et al. (2002) found that for
slower oxidant like chloramine, the reaction time also contributes to the AOC increment.
However, the same research revealed that AOC could be consumed when travelling through the
pipeline. Other observations suggest that the removal of AOC has a correlation with the decrease
in concentrations of other drinking water indicators (LeChevallier, 1990; Chien et al., 2007).
During UV-based advanced oxidation processes it has been found that larger organic molecules
are broken down to smaller biodegradable organic molecules as a result of photochemical
oxidation and reaction with OH radical (Frimmel, 1998; Buchanan et al., 2004; Toor and
Mohseni, 2007). More specifically, Toor and Mohseni (2007) have investigated the impact of
UV/H2O2 treatment on BDOC and AOC of water and showed that the level of these indicators
increased after UV/H2O2 demonstrating formation of more biodegradable organics, hence greater
potential for bacterial regrowth. The same study reported that application of BAC after UV/H2O2
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decreased the levels of both BDOC and AOC to the original level of the raw water. Sarathy and
Mohseni (2009, 2007) have also investigated the impact of UV/H2O2 AOP on NOM and showed
that during UV/H2O2 process, hydroxyl radical generated from the process preferentially reacts
with larger organic molecules and oxidizes NOM into more biodegradable organic compounds
such as aldehydes. This was attributed to the loss of conjugations and degradation of
chromophoric NOM which can be monitored by tracking the UV absorbance at 254nm over the
course of treatment (Sarathy and Mohseni, 2007, 2009; Buchanan et al., 2004; Hofbauer and
Andrews, 2004). They also demonstrated that using a pretreatment process (e.g., ultrafiltration)
ahead of the UV/H2O2 process leads to the removal of the higher molecular weight NOM,
causing mineralization of lower molecular weight NOM when exposed to highly reactive OH
radicals. There is a lack of detailed information in the open literature about correlating the NOM
molecular weight distribution to AOC and BDOC for the UV/H2O2 process applied to drinking
water treatment. To the best of our knowledge, a very few reports are available in the literature
discussing specifically the impact of UV/H2O2 treatment process on downstream biological
stability of water. That being said, FC has not been used as an AOC assay technique for the
waters treated with UV based AOPs, in particular UV/H2O2 process. The critical step for
UV/H2O2 treated water is using a H2O2 quenching agent with minimal impact on the original
AOC of water. This step is crucial since during UV/H2O2 a considerable portion of the dosed
peroxide will remain un-reacted. Any residual H2O2 inhibits the growth of microorganisms
leading to incorrect measurement of AOC. Therefore, it is important to remove the residual H2O2
effectively but with the least impact on the original AOC content.
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3
3.1

Thesis Objectives and Scope
Justification of Research

Ultraviolet (UV) based advanced oxidation processes have emerged as viable alternative
technologies for removing micro-pollutants and other organic contaminants from water. Among
these processes, UV/H2O2 is the one currently applied in commercial scale. However, in the
application of UV/H2O2 process, presence of NOM in water is problematic and hinders the
efficacy of the treatment process. During the practice of UV/H2O2 treatment, NOM can undergo
significant partial oxidation leading to the generation of smaller easily assimilable organic
molecules (i.e., AOC) (Sarathy and Mohseni, 2007). Earlier studies have found AOC as the
potential cause of bacterial regrowth and other water health concerns thereof within the
distribution system (Escobar et al., 2001; Hem and Efraimsen, 2001).
AOC concentration in water is conventionally assessed through time consuming and tedious
bioassays (i.e., AOC assay, ATP assay). Hence, it has not been practiced widely at water
treatment plants. Also, impact of UV/H2O2 process on biological stability of downstream water
has not gained much attention in the literature. However, a method recently developed by
Hammes and Egli (2005) opened the opportunity for more accurate and relatively rapid
quantification of the AOC, especially for AOP treated water. As a result, this research aimed to
contribute substantially to the current understanding of easily assimilable organic molecules
formation during UV/H2O2 treatment process.
Considering the concerns and issues associated with NOM (especially when oxidation is applied
is the treatment train), elimination of NOM ahead of the oxidation process can potentially
increase the UV/H2O2 treatment efficacy as well as the finished water quality. Moreover, with
regulations becoming more stringent and public concerns increasing over emerging micro28

pollutants in raw water, many utilities hope to fulfill the regulations by retrofitting existing
facilities with robust treatment processes and avoiding the construction of new ones. Thus, this
research also focused to investigate the feasibility and the impact of a pre-treatment process such
as coagulation to eliminate NOM prior to UV/H2O2 treatment. This would be beneficial not only
because of the need to improve process efficacy, but also due to the impact on final water quality
and the reduced formation of DBPs within the distribution system.
3.2

Objectives of Research

A new method to determine biological stability of water was recently proposed by Hammes and
Egli (2005). It is a rapid and straightforward method capable of detecting inactive and/or
uncultivable cells. However, this method has not been used to gauge the impact of UV based
AOPs (i.e., UV/H2O2 process) on biological stability (i.e., AOC) of water. The critical step for
UV/H2O2 treated water is using a H2O2 quenching agent with least impact on the original AOC
of the sample. This is necessary since any residual H2O2 will inhibit the growth of
microorganisms and hence, interfere with the final interpretation of the AOC data. Furthermore,
there are some knowledge gaps existing with the proposed protocol of Hammes and Egli (2005)
and with the impact of some factors (e.g., temperature, natural inoculum) on the measured AOC
data. Therefore, there is a need for further research to explore the potential utility of the FC
method for UV/H2O2 treatment applications and to enrich the current understanding of the
changes in water quality parameters, especially AOC, during the UV/H2O2 treatment of raw
water containing NOM.
Equally important, this research aims to study the possibility of utilizing a pre-treatment step
upstream of the UV/H2O2 process to remove NOM; hence, improving the overall treatment
efficacy and the finished water quality. As a result, coagulation was selected as a viable
candidate due to its well known operational aspects and effectiveness. However, the extent to
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which coagulation can improve UV/H2O2 performance and water quality is unclear. More
importantly, the type of coagulant used (i.e., organic and inorganic) for the best impact needs to
be determined through experiments in order to find the best candidate in terms of organic matter
removal.
Within this scope and the overall goal, the specific objectives of this research were to:
•

Validate, standardize and calibrate Hammes and Egli’s method (2005) for AOC
determination of UV/H2O2 treated surface water.

•

Determine and study the impact of UV/H2O2 treatment on the AOC profile and biological
stability of raw waters from different sources.

•

Examine different coagulants for their efficiency and effectiveness in terms of organic
matter removal.

•

Study the impact of coagulation pretreatment combined with UV/H2O2 on different water
quality parameters (especially AOC) and UV/H2O2 process’ efficacy.

3.3

Significance of this Work

The outcomes of this research will help to effectively and rapidly determine biological stability
of water treated with UV/H2O2 advanced oxidation process. Having this rapid technique
established and validated for the UV/H2O2 application, the operators and owners of the water
utilities will be able to monitor the AOC profile of the treated water with confidence.
In addition to the method developed for AOC determination after UV/H2O2 treatment, part of
this research intends to demonstrate the viability and effectiveness of using coagulation as a pretreatment to UV and UV based oxidation processes. Coagulation was evaluated as pretreatment
to UV advanced oxidation, since it is a well understood and widely used process and also
effective at reducing NOM.

More importantly, retrofitting existing facilities with robust
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treatment alternatives such as UV/H2O2 is attractive to many utilities that already apply
coagulation and wish to comply with new regulations, as they become more stringent, with the
least possible capital investments.
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4
4.1

Experimental Methodology
Introduction

This chapter provides a detailed explanation of the experimental work and analytical
measurements. Moreover, comprehensive description of AOC assay, investigations related to its
improvements, as well as the protocols that were used for immobilization of Catalase are
elaborated. Finally, techniques used in analytical measurements in the laboratory are explained.
4.2

Experimental Procedure Overview

This study is mainly consisted of three major tasks that are briefly explained in the following.
4.2.1

Develop and validate a rapid technique for AOC measurement after UV/H2O2
treatment

This task intended to modify and enhance a recently proposed technique (Hammes and Egli,
2005) for AOC measurement. This was necessary since the previously existing protocol was not
appropriate for UV/H2O2 treatment applications. Through the experiments valuable findings
were obtained that could help to conduct the AOC assay with more confidence and accuracy.
Catalase from bovine liver was immobilized on a polymeric support to satisfy the need for
quenching H2O2 after the treatment with no detrimental impact on the final AOC data. Results
obtained indicate the reliability of the biocatalyst developed for subsequent UV/H2O2
experiments in which H2O2 must be removed prior to the AOC assay.
4.2.2

Study the effect of UV/H2O2 treatment on NOM characteristics and
biodegradability

In this task, impact of UV/H2O2 advanced oxidation treatment on organic matter from Capilano
and Bowen Island waters was assessed under different reaction conditions (i.e., [H2O2] =10 ppm
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and UV fluences of 0 to 2000 mJ/cm2). Several variables such as TOC, UV254, Apparent
Molecular Weight (AMW), as well as the AOC were monitored and results are presented and
discussed in the following chapter.
4.2.3

Study the impact of pretreatment using coagulation in combination with UV/H2O2
on natural waters

This task intended to examine the possibility of utilizing a pretreatment process (i.e.,
coagulation) and investigate its impact on UV/H2O2 process efficacy as well as the treated water
quality parameters. At this stage, the best coagulant in terms of UV254 and TOC removal was
selected (between Alum and Chitosan) and further experiments were carried out using the
selected coagulant. Then, water samples underwent coagulation and UV/H2O2 treatment and all
important parameters such as TOC, UV254, AMW, and AOC were assessed in all the treatment
stages.
4.3

Source Waters

Concentration of NOM as well as its composition and characteristics varies from one water
source to another and also over time. Therefore, to study the effect of NOM characteristics and
its concentration on the process performance and the finished water quality, two different types
of water (i.e., natural surface water and synthetic water) were used in this project. Table 4.1
provides data on various water quality parameters of the water used in this study.
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Table 4.1: Selected characteristics of the waters used in this study
Parameter/Water

CW Reservoir

BI water

SR NOM (5 mg/L)

TOC (ppm)

1.45±0.075

4.81±0.03

5.28±0.014

pH

6.7

6.3

7 (adjusted from the original

UV254 (cm )

0.063± 0.002

0.185±0.003

value of 5.3)
0.220±

SUVA (L mg-1 m-1)

4.2± 0.316

3.75± 0.072

4.15± 0.05

Alkalinity (ppm)

< 5ppm

< 15ppm

NA

-1

Two sources of surface water, originating from spring snowmelt and fall and winter runoffs were
used. By using different surface water sources (i.e., Capilano water, and Bowen Island water),
the impact of different NOM sources on downstream water quality was investigated. Capilano
water (CW) was taken from the Capilano Reservoir, located in the Northwest of Metro
Vancouver area that provides drinking water for Greater Vancouver region, British Columbia,
Canada. This water contains low TOC (~1.4 ppm), turbidity and alkalinity (< 5ppm). The Bowen
Island (BI) water was obtained during spring 2010 from Josephine Lake, a watershed area
located in Bowen Island, British Columbia, Canada. The TOC of BI water was around 5 ppm
and its alkalinity was about 15 ppm as mg/L CaCO3 equivalent.
In order to investigate the impact of NOM concentration on UV/H2O2 process, and also to
facilitate the comparison of the results with the existing data available in the literature, aquatic
organic matter isolated from Suwannee River (SR) by reverse osmosis process (IHSS
Corporation) was used to prepare the synthetic water solutions. The Suwannee River NOM is
composed of: 48.8 %C; 3.9 %H; 39.7 %O; 1.02 %N; 0.60 %S; 0.02 %P; 7.0 % Ash (Total
101.0%, International Humic Substances Society). Given the fact that NOM cannot be measured
directly with current equipments, TOC was considered as a surrogate parameter for NOM
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concentration. Synthetic waters with different TOC concentrations (i.e., 5 and 10 ppm) were
made by dissolving SR-NOM in Milli-Q water.
Additionally, the presence of carbonates and bicarbonates will affect the UV/H2O2 process, by
scavenging OH radicals (Sarathy and Mohseni, 2009); therefore, synthetic water solutions with
known alkalinities of 50 and 150 ppm (as CaCO3 equivalent) were prepared to gauge the impact
of alkalinity on the UV/H2O2 process. Sodium bicarbonate (NaHCO3, ACS reagent, Fischer
Scientific) was used to make up the desired alkalinity level.
4.4

Materials and Chemical Reagents

The chemicals that were used at various stages of this research are listed in Table 4.2. Most of
the reagents were purchased from Sigma Aldrich (Ontario, Canada) and Fisher Scientific
(Ontario, and Alberta, Canada).
Table 4.2: List of the chemicals used in this study
Chemical

Formula

Grade

Supplier

Hydrogen Peroxide

H2O2

30 %

Fischer

Ethylenediaminetetraacetic acid

C10H16N2O8 (EDTA)

A.C.S reagent

Fischer

SYBR GREEN I

NA

10000X

Invitrogen

Dimethyl Sulfoxide (DMSO)

(CH3)2SO

HPLC grade

Sigma Aldrich

sodium acetate

NaCH3CHOO

99.99%

Sigma Aldrich

sodium chloride

NaCl

A.C.S reagent

Fisher Scientific

Benzoic Acid

C7H6O

A.C.S reagent

Fischer Scientific

Potassium iodide

KI

A.C.S reagent

Fisher Scientific

Potassium iodate

KIO3

A.C.S reagent

Fisher Scientific

Potassium Hydrogen Phthalate

KHC8H4O4 (KHP)

A.C.S reagent

Fischer Scientific

Chitosan

NA

Practical grade

Sigma Aldrich
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Chemical

Formula

Grade

Supplier

Manganese dioxide granules

MnO2

99.99+%,

Sigma Aldrich

Lead Dioxide

PbO2

A.C.S reagent

Sigma Aldrich

Silver granule (>250 micron)

Ag

99.99%

Sigma Aldrich

SEPABEAD® EC-EP

NA

EC-EP

Resindion, Italy

Hydrochloric Acid

HCl

A.C.S reagent

Fisher Scientific

Sodium persulphate

Na2S2O8

≥98%

Sigma Aldrich

Dipotassium Phosphate

K2HPO4

99.99%

Sigma Aldrich

Ammonium Chloride

NH4Cl

99.998%

Sigma Aldrich

Potassium Nitrate

KNO3

99.999%

Sigma Aldrich

Acetone

CH3COOCH3

HPLC grade

Fischer Scientific

Aluminum Sulfate
Octadecahydrate

Al2 (SO4) 3,18H2O)

A.C.S reagent

Sigma Aldrich

Ferric Oxide

Fe2O3 (powder <5
micron)

≥99%

Sigma Aldrich

Polysulfonate standards

7kDa, 4kDa, and
2kDa

NA

American Polymer
Standards
Corporation

Sodium borate

NaBrO3

Laboratory
grade

Fisher Scientific

Catalase from bovine liver
(lyophilized powder)

NA

≥10,000 units
mg-1 protein

Sigma Aldrich

Glass beads (1.8-2.2 mm, A
series)

NA

Technical
Quality Glass
spheres

Potter’s Industries
Inc.

Hydrofluoric acid

HF

48-51% in
water solution

Acros organics

3-aminopropyltriethoxy silane
(3-APTES)

CH3CH2O)3Si(CH2)3
NH2

99%

Sigma Aldrich
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Chem
mical

Formula

G
Grade

Supp
plier

Glutarald
dehyde

CH
H2(CH2CHO))2

25%
% in water
G
Grade
I

Sigma-A
Aldrich

Monosodium
M
m Phosphate
Monohy
ydrate

NaaH2PO4. H2O

A.C.S reagent

Fischer Sccientific

Soodium Phosp
phate Dibasicc
Heptahy
ydrate

Na2HPO4. 7H2O

A.C.S reagent

Fischer Sccientific

4.5

Experimen
ntal Setup for
fo UV/H2O2 Treatmen
nt

A collimated beaam apparatuus, consistingg of a low-ppressure higgh output am
malgam lampp (42 W,
Lightt Sources In
nc.) along with
w
a circuular stirred reaction
r
pettri-dish (KIM
MAX, 60×335), were
employed for th
he batch UV
V/H2O2 treaatment studiies (Figure 4.1). To maintain
m
the ambient
temperature of the
t UV lam
mp constant, a fan was positioned on the top the cylindrrical tube
attachhed to the metal
m
closure as shown inn Figure 4.1. In order to mimic the UV/H
U
mmercial
2O2 com
application condiitions, experriments weree conducted at initial H2O2 concentration of 10 ppm,
p
and
UV fluences
f
up to
t 2000 mJ/ccm2 (Sarathyy and Mohsenni, 2006).

Fig
gure 4.1: Colllimated beaam apparatuss utilized forr UV/H2O2 studies.
s
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4.6

Experimental Procedure

Experiments were carried out in two main categories: UV/H2O2 treatment and coagulation
combined with UV/H2O2 treatment process. These two main experimental works and their
specifications are described in the two following sections.
4.6.1

UV/H2O2 advanced oxidation treatment

Samples were collected with volume of 70 ml in triplicate initially, after H2O2 dosing, and after
achieving the desired fluences. In order to avoid any contamination a quartz plate was used to
cover the perti-dish in all the experiments. Hydrogen Peroxide (H2O2 30%, Sigma Aldrich) was
added initially to the water sample stock to achieve H2O2 concentrations of 10 mg/L. Samples
were irradiated for certain treatment times calculated according to the method provided by
Bolton and Linden (2003) to achieve the desired UV fluence (i.e., up to 2000 mJ/cm2). Time
required to achieve desired UV dose for the treatment process can also be determined by
iodide/iodate actinometry (Rahn et al., 1997). Each experiment was carried out in triplicate and
the entire water sample was used for various subsequent analyses such as UV254, TOC, and High
Performance Size Exclusion Chromatography (HPSEC). Given the high sensitivity of the AOC
test and also to avoid any possible contamination, samples for the AOC test were prepared in
separate batches and were incubated on the same day of preparation. Any sample not analyzed
immediately was refrigerated at 4°C to ensure that the water quality did not change prior to the
analysis. For each experiment blank and control sets were collected as well.
According to the literature (Liu et al., 2003) and also our primary findings, not all the initially
dosed H2O2 is consumed during the course of the treatment. Indeed, a substantial amount (i.e.,
80-90%) of the initial H2O2 remains un-reacted and may interfere with the analytical techniques.
Hence, the residual H2O2 should be removed prior to any analysis (Liu et al., 2003). Liu et al.
(2003) studied several organic and inorganic quenchers and recommended Catalase from bovine
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liver with the concentration of 0.2 mg/L as a promising, fast, and effective agent for H2O2
removal with no impact on water characteristics such as TOC, disinfection by-product formation
potential. Therefore, all UV/H2O2 treated water samples, except those which were used to
analyze H2O2, were quenched from residual H2O2 using Catalase prior to UV254, TOC, and
HPSEC analyses (Sarathy and Mohseni, 2007). Quenching of residual H2O2 before AOC
bioassay was different and will be discussed later.
4.6.2

Chemical coagulation

To study the impact of pretreatment (i.e., coagulation) on the effectiveness of UV/H2O2, CW and
BI waters underwent coagulation treatment using two different coagulants. Chitosan (practical
grade, Sigma Aldrich), a natural polymer made from marine invertebrates and Aluminum Sulfate
Octadecahydrate (Al2(SO4)3,18H2O, Sigma Aldrich, ACS reagent 98+%) also known as Alum,
were utilized for coagulation process prior to the UV/H2O2 treatment. To choose between these
two coagulants Jar test was carried out and characteristics (e.g., UV254, TOC) of the treated water
were measured for different dosages of the coagulants. The best coagulant (and dosage) in terms
of TOC and UV254 removal was selected for subsequent experiments. To the best of our
knowledge, there have been few studies concerning the use of Chitosan for drinking water
treatment applications. Moreover, very little work focused on the impact of Chitosan on NOM
and its characteristics.
4.6.2.1 Jar test procedure
Coagulation tests were performed according to the Jar test conditions reported by Rizzo et al.
(2008) but with some slight modifications. Stock solution of Alum with the concentration of 10
g/L of Alum was made in Milli-Q water and was initially injected into the solution right before
the rapid mixing to make up desired coagulant dose. In the case of Chitosan, 500 mg of Chitosan
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was dissolved in 2.5 mL of 2M HCl (A.S.C reagent, Fisher Scientific) and 47.5 mL Milli-Q
water and was left for 60 minutes. Then, 50 mL of Milli-Q water was added and solution was
thoroughly mixed (Rizzo et al., 2008). Similar to alum, Chitosan was spiked right before the
rapid mixing to make up the desired dose. The standard Jar test procedure consists of a rapid
mixing at 150 rpm for 2 minutes after the addition of coagulant, followed by 30 minutes slow
mixing at 60 rpm. Sixty rpm was the slowest possible speed provided by the stir plate. Following
the slow mixing, flocs formed were allowed to settle for 60 min (Rizzo et al., 2008). The
supernatant was then drawn and filtered through 0.45 μm membrane filter which was pre-rinsed
with 1L of Milli-Q water. Filtered samples were used for subsequent analytical analyses (UV254,
TOC, residual aluminum, and HPSEC). All experiments were performed at room temperature
and at natural pH (6.8 for Capilano water, and 6.7 for Bowen Island water) of the raw waters. To
select the best dose of coagulant at which maximum removal in terms of UV254, and TOC can be
achieved, different dosages of coagulant from 0.5 to 5 mg/L for Chitosan, and 5 to 80 mg/L for
alum were applied and the best dose and coagulant in terms of reduction of TOC, and UV254 was
chosen for subsequent experiments.
4.6.3

Combined coagulation-UV/H2O2 process

Coagulation was performed according to the section 4.5.3. Then, samples were filtered through
0.45µm pre-rinsed filter and were spiked with H2O2 to the initial dose of 10 ppm. The rest of
study was performed according the UV/H2O2 treatment process specifications described in
section 4.5.1.
4.7

H2O2 Quenching for AOC Assay

A considerable amount of H2O2 (about 80-90%) will remain un-reacted in the solution after
UV/H2O2 treatment and should be removed prior to further analyses. This is indispensible since
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experimental results indicated that residual H2O2 (i.e., >0.2 ppm) inhibits bacterial regrowth, and
hence deteriorates the results of the AOC assay. To the best of our knowledge there has been no
information available on the literature for proper H2O2 removal prior to the AOC analysis.
Therefore, different organic and inorganic agents were tested and compared in terms of H2O2
decomposition rate and their impact on the original AOC of the sample.
4.7.1

Quenching in the solution

Catalase from bovine liver (lyophilized powder, ≥10,000 units mg-1 protein, Sigma Aldrich) is an
enzyme that has been widely used to decompose H2O2 into water and oxygen. For this reason,
stock solution of Catalase (500 mg/L) was made in Milli-Q water and was spiked into the sample
containing H2O2 to achieve Catalase concentrations of 0.2 mg/L as suggested by Liu et al.
(2003).
Moreover, inorganic substances such as manganese dioxide granules (MnO2, 99.99+%, Sigma
Aldrich), Lead dioxide (PbO2, 97+% ACS reagent, Sigma Aldrich), Silver granule (Ag, >250
micron 99.99%, Sigma Aldrich), and Ferric oxide (Fe2O3, ≥99% powder <5 micron, Sigma
Aldrich) are also known to be effective at removing H2O2; hence, they were tested for H2O2
elimination.
To quench residual hydrogen peroxide, 100 mg of MnO2, 100 mg of PbO2, 500 mg of Fe2O3 and
1g of Ag were individually added to the solution containing H2O2 (10 ppm) with the volume of
70ml and were mixed until residual H2O2 reached below 0.2 ppm. Residual H2O2 concentration
was measured by the method of Klassen et al. (1994) and the time in which H2O2 concentration
reached below 0.2 ppm was selected as the minimum required mixing time.

41

4.7.2

Immobilized Catalase

Immobilized Catalase was evaluated as an effective means of quenching the residual peroxide in
water. Less enzyme contamination of the product, simple recovery and reuse of the biocatalyst in
addition to enhanced stability and economic benefits have made enzyme immobilization as an
advantageous tool for industrial and technical applications (Sheldon, 2007; Alptekin et al., 2010).
In this research glass beads were initially chosen as support for Catalase immobilization due to
their availability and lower probability of organic contamination of the sample. The following
presents the procedure that was followed to immobilize Catalase on the glass bead as support.
4.7.2.1 Immobilization procedure on glass bead
The method proposed by Vasudevan and Weiland (1994) was employed for the immobilization
of Catalase on glass surface with some minor modifications. Moreover, in all the steps attempts
were made to avoid any possible contamination (i.e., carbon contamination) that could
deteriorate the final AOC data. The following presents the procedure for the immobilization of
Catalase on glass bead.
1)

Hydrofluoric Acid Treatment (etching): Glass beads (1.8-2.2 mm, A series Technical

Quality Glass spheres, Potter’s Industries Inc.) were washed with warm water and detergent and
were rinsed afterward with Milli-Q water. Next, 50 mL of distilled water and 50 mL of
hydrofluoric acid (48-51% in water solution, Acros organics) were added to 100 g of glass beads
in a plastic container and solution was left for 1 hour. Then, hydrofluoric acid was removed and
the beads were washed several times with ultrapure water. HF treatment was used to etch the
surface of the glass, providing more rough surface area suitable for further treatment steps. A
reduction in size of the glass beads was observed as a result of treatment with hydrofluoric acid.
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In addition, after washing with distilled water, a considerable amount of the debris on the glass
surface was removed.
2)

Neutralization: 100 mL sodium hydroxide solution (10 N) was added to neutralize the

glass beads and the content was heated in water bath for one hour at 80° C. Afterwards, the glass
beads were washed extensively with ultrapure water and dried at 80 °C.
3)

Silanization: Glass beads from the previous step were silanized to prepare the carrier for

glutaraldehyde treatment. During silanization hydroxyl groups (OH) of glass replace the alkoxy
groups (i.e., –O-CH2-CH3) of 3-aminopropyltriethoxy silane (3-APTES, (CH3CH2O)3 Si(CH2)3
NH2, 99% Sigma Aldrich) producing Si-O-Si bonds (Figure 4.2). This step provides amino (–
NH2) groups for further glutaraldehyde treatment.

Figure 4.2: 3-aminopropyltriethoxy silane (3-APTES)
To perform silanization, 200 mL of diluted 3-aminopropyltriethoxy silane (2% v/v) in acetone
(HPLC grade, Fischer Scientific) was added to the glass beads in a glass container, and the
contents were left in a water bath under the fume hood at 45°C for 24 hours. Then, beads were
washed thoroughly with ultrapure water and stored in refrigerator (Vasudevan and Weiland,
1994; Alptekin et al., 2010). According to the method of Vasudevan and Weiland (1994) and to
enhance the stability and the activity of the immobilized enzyme, glass beads were re-silanized
for an additional 24 hours and were washed extensively with ultrapure water afterward.
4)

Glutaraldehyde treatment: Glutaraldehyde (CH2 (CH2CHO)2, 25% in water Grade I,

Sigma-Aldrich) is an organic compound frequently used in biochemistry applications as crosslinker with two identical reactive ends (homo-bifunctional, Figure 4.3). Cross-linking agents
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To immobilize Catalase, glass beads were immersed in phosphate buffer (different from
Vasudevan and Weiland, 1994) solution with pH 7.0 and ionic strength 50mM containing the
enzyme (1g/L). The phosphate buffer was made by dissolving 0.292 g monosodium phosphate
monohydrate (A.C.S reagent, Fischer Scientific) and 0.774 g disodium phosphate heptahydrate
(A.C.S reagent, Fischer Scientific) in 100 mL water. After six hours, the beads were removed
and were washed with 5 liters of the same phosphate buffer solution to ensure that all the unattached enzymes are removed and glass beads were stored in a refrigerator for further use
(Vasudevan and Weiland, 1994; Alptekin et al., 2009).
4.7.2.2 Immobilization on polymeric support
Immobilization of Catalase on glass involved tedious procedure and/or working with hazardous
materials, so a more user friendly technique was desired. Epoxy activated resins were suggested
as providing very easy immobilization protocols, thereby attracting significant attention (Maeto
et al., 2002, 2003; Torres et al., 2003; Alptekin et al., 2010). SEPABEAD® EC-EP (Resindion,
Milan, Italy) is a synthetic organic resin (particle size 150-300 µm) with polymethacrylate matrix
and very high superficial density of oxirane (epoxy) groups (~100 µmol/mL) on its surface,
which bind to proteins (i.e., Catalase) at neutral or alkaline pH, to form covalent bonds with
long-term stability within a pH range of pH 1 to 12 (Figure 4.4) (Mateo et al., 2002). The internal
geometry of the support also provides good geometrical condition for very intense enzymesupport interaction (Mateo et al., 2002). These characteristics facilitate “multi-point-attachment”
of the enzyme on SEPABEAD® (Sheldon, 2007).
At the time of this study there was no specific protocol available in the literature for the
immobilization of Catalase on SEPABEAD®. As a result, several protocols were evaluated to
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4.7.2.3 Biocatalyst activity test
The efficiency of the biocatalyst made from the previous stages was evaluated in terms of
rapidness and effectiveness in removing H2O2. Since the procedure for preparation of glass beads
was time consuming and tedious, the possibility of reusing the glass beads was examined for
several consequents batches.
4.8
4.8.1

Assimilable Organic Carbon (AOC) Measurement Using Flow Cytometry
General overview

The current AOC bioassay is an indirect procedure which estimates the biodegradable organic
carbon through enumeration of the heterotrophic bacteria after regrowth. The result is stated in
terms of acetate-carbon equivalent (Kasahara and Ishikawa, 2002). The original AOC bioassay
was developed by Van der Kooij (1982, 1992) and was modified later by Lechevalier et al.
(1993) by raising the incubation temperature and inoculum density. More recently, a simple,
rapid and more accurate technique was developed by Hammes and Egli (2005) using flowcytometric enumeration of bacteria. Details of this method are well described by Hammes et al,
(2005, 2008), and are explained in the following sections.
4.8.2

Preparation of AOC-free glassware

This is a crucial preparation step in all the AOC bioassays because the slightest contamination
can significantly influence the final data. According to the Standard Methods (SM 9217, Clescerl
et al., 1999), PYREX® beakers and 40 mL borosilicate vials were washed extensively with
detergent and warm water followed by rinsing with ultrapure water for at least three times. Then,
glasswares were submerged overnight in 0.1 N Hydrochloric Acid (A.C.S reagent, Fisher
Scientific) for at least 12 hours. Next, glasswares were rinsed with ultrapure water at least three
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times and left to air dry. Glasswares were then covered with aluminum foil and heated in a
muffle furnace at 550 °C for 5 hours.
According to the SM 9217 (Clescerl et al., 1999) plastic vial caps with Teflon-lined silicone
septa were first washed with common detergent and warm water and rinsed with ultrapure water.
Next, they were soaked in 100 g/L sodium persulphate (Na2S2O8 ≥ 98% reagent grade, Sigma
Aldrich) solution at 80 °C for at least 1 hour to oxidize any possible contamination. Then, caps
and septa were rinsed thrice with ultrapure water and left to air dry. The cleaned and dried caps
were then fitted with septa and screwed tightly onto the cleaned and cooled glass vials.
For all sampling purposes, 60 mL plastic syringe (Becton, Dickinson and Company) was rinsed
by flushing with ultrapure water at least 3 times before use. To ensure no possible release of
organic contamination from syringe filters (0.22 μm, polyethersulfone, 33 mm filter diameter,
sterilized by γ-irradiation, Millex-GP, Millipore), they were rinsed by flushing with at least 1L of
ultrapure water. Sterilized pipette tips (Fisher Scientific) were used for sampling and spiking to
ensure maintaining the environment AOC-free and sterilized.
4.8.3

Bacterial inactivation/removal

Cells and particulates should be removed through filtration (0.22 µm) due to their possible
interference with flow cytometric detection (Hammes and Egli, 2005; Hammes et al., 2008).
Note that filtration is not a sterilization step, as it has been found previously (Hammes, 2008) and
also through preliminary experiments, that a percentage of cells can pass through 0.22 μm filters
and are still potent to grow afterwards. Since in this method, indigenous microbial community is
used as inoculum, no significant detrimental impact is expected from a few cells passing the
filtration step (Hammes, 2008).
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Pasteurization is another process that is applied in the conventional AOC bioassay to inactivate
the bacteria. Hammes et al. (2008) have reported that pasteurization can possibly change the
organic carbon and increase the AOC. This hypothesis was also investigated by analyzing water
samples obtained from different treatment trains of a pilot plant. The work was done in
collaboration with École Polytechnique de Montreal and samples were grabbed and analyzed at
different dates during fall 2009. Samples were pasteurized at 70°C for 10 minutes and later were
filtered (0.22 µm filter) and incubated. AOC of pasteurized and non-pasteurized samples were
then assessed and compared to investigate the effect of pasteurization.
4.8.4 Preparation of natural microbial inoculum
The inoculum plays a key role in any biological assay like AOC. Pseudomonas fluorescens P17
and Spirillum NOX are the two organisms that are used (often in combination) in the
conventional standard method (SM 9217, Clescerl et al., 1999). Using these two pure strains has
the advantages of being well characterized and also showing uniform growth behavior. On the
other hand, from a theoretical point of view, using natural microbial consortium offers a broader
specific substrate range, compared to pure cultures (Hammes and Egli, 2005).
In this research, the method developed by Hammes and Egli (2005) was followed to prepare a
natural consortium of microbes. First, 30 mL of natural water (e.g., Capilano, or Bowen Island)
was filtered through 0.22 μm (pre-rinsed) syringe filter into a 40 mL AOC-free borosilicate vial
to remove the bacteria and particulates. Then, the filtered sample was inoculated with 10 μL mL1

of unfiltered/untreated of the same natural water, capped and vortexed, followed by incubation

at 30 °C until stationary growth phase (µ=0) was reached. However, further tests were performed
on filtered ultrapure water to ensure that the inoculum is AOC-free and will have minimal
contribution to the final AOC measured.
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It should be noted that the choice of inoculum also impacts the choice of detection method
(Hammes et al., 2008). When a natural community is used, plating cannot be used for detection.
Adenosine Triphosphate (ATP), scatter and flow cytometry work with both natural communities
and pure cultures.
4.8.5

Incubation time

This step was necessary to ensure that bacteria reach stationary phase (µ=0) and therefore, no
growth will happen afterward. In this step, natural water (e.g., Capilano water) with 0, and 100
µg/L of acetate-carbon concentration underwent AOC bioassay as described in section 4.5.3 and
4.5.4. Cell concentration was measured at 24, 48, 72, 96 hours after incubation. Stationary phase
(µ=0) was confirmed by observing a constant cell concentration over days. The sample was
assumed to be AOC-free after reaching stationary phase since it was postulated that all utilizable
carbon had been consumed by the microorganisms present in water. Results obtained, indicated
that stationary phase (µ=0) is achieved within 48 to 72 hours of incubation; therefore, 72 hours
was selected as the incubation time for subsequent experiments to ensure stationary phase is
achieved.
4.8.6

Mineral addition

Addition of minerals was suggested as an optional step to ensure that carbon is not the growthlimiting compound (Hammes et al., 2007, 2008; Clescerl et al., (1999). When the water medium
is carbon-limited, the absence of minerals can potentially impose no significant impact,
otherwise (i.e., limited by inorganic nutrients) considerable influence is expected on the final
AOC. Mineral buffer was prepared according to the recipe of Clescerl et al. (1999). The mineral
buffer was made of 171 mg/L K2HPO4 (99.99%, Sigma Aldrich), 767 mg/L NH4Cl (99.998%,
Sigma Aldrich), and 1.44 g/L KNO3 (99.999%, Sigma Aldrich) dissolved in filtered (0.22 µm)
ultrapure water and prepared in AOC-free glassware. Three sets of natural and synthetic water
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(i.e., CW, BI, and SR) were prepared with and without the addition of minerals to study the
effect of minerals on the bacterial growth potential.
4.8.7

Growth of natural microbial consortium

The inoculation procedure consisted of filtering 15 mL of water sample (0.22 μm) into 40 mL
AOC-free vial. Then, 2.5 μL/mL of mineral buffer/sample, prepared as previously mentioned
was added to ensure that carbon was the only limiting substrate (Clescerl et al., 1999). Finally,
natural inoculum prepared according to the section 4.7.4 was added to the sample. According to
the method of Hammes and Egli (2005, 2007) final cell concentration in sample after inoculation
and before incubation should be about 104 (cell/mL). Therefore, the required volume of
inoculum should be calculated accordingly for each individual natural microbial community.
Next, the sample was capped, vortexed, and incubated at 30 °C for 72 hours.
4.8.8

Effect of inoculum

One unreported aspect and outstanding question related to the method of Hammes and Egli
(2005), is the choice of natural microbial community and it potential impact on the final
outcomes of the AOC test. For this reason three different inocula were prepared from different
natural water sources (i.e., Capilano, Trepanier, and Bowen Island waters) and were cultivated
on three different natural waters (i.e., Capilano, Trepanier, and Bowen Island waters) and a
synthetic water (with SR NOM). AOC of the waters inoculated with different inocula was
assessed and information obtained was used to carry out subsequent experiments.
4.8.9

Cell staining and enumeration by flow cytometry

Because of the method used for cultivation of the bacteria (i.e., cultivation-independent, Berney
et al., 2008), and according to Hammes and Egli (2005), flow cytometric enumeration was used
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to count the cells grown in the sample. Using this technique has the advantage of rapid and
accurate measurement of several samples within a short time (Hammes and Egli, 2005).
First, samples were taken from the incubation chamber after 72 hours and vortexed exhaustively
for 30 seconds to ensure a thoroughly mixed solution. Then, 1 mL of the sample was drawn into
a flow cytometer tube (Polystyrene Round-Bottom Test Tube, 5 mL, snap cap, Becton,
Dickinson and Company) using sterilized pipette tip (Fisher Scientific). This sample was stained
with 10 μL of EDTA (500 mM) and 10 μL SYBR Green I nucleic acid gel stain (10,000X
concentrate, Invitrogen) diluted 1:100 times in dimethyl sulfoxide (DMSO, HPLC grade, Sigma
Aldrich) stored at -20° C until use according to Hammes et al. (2008). The role of the SYBR
GREEN was to dye the DNA of the microorganisms so they can be detectable for the flow
cytometer (Lebaron et al., 2001). EDTA was used to dissociate the agglomerated cells, the case
that usually happens when dealing with animal or plant cells. Hence, it was not practiced very
often in this study.
The amount of SYBR GREEN and EDTA should be increased accordingly when cell
concentrations exceeds 1E7 (Hammes et al., 2008, 10 μL of respectively fluorochrome and
EDTA for every 1 x 107 cells per mL). Moreover, it is recommended the sample to be diluted to
a concentration between 0.1 – 2 x 105 cells/mL, if the bacterial concentration in the sample
exceeds 2 x 105 cells/mL. This step should be done after staining and just before measurement
with the dilution liquid (preferably from the same solution in which the bacteria are suspended,
filtered with a 0.22 μm sterile syringe filter prior to use) (Hammes et al., 2008). In addition, if the
bacteria are present in clusters (can be controlled with fluorescence microscopy or evidenced
through FCM light scatter data), dispersion of clustered cells can be achieved with the addition
of 1% v/v of lysis buffer (comprising 10 % v/v Triton X-100, 5 % v/v Tween 20, 10 mM TrisHCl, and 1 mM EDTA) prior to staining, coupled with vortexing or gentle sonication (Hammes
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et al., 2007). This phenomenon was not observed during this study. Samples prepared in this way
were stored in the dark for at least 20 minutes prior to analysis by flow cytometer (Hammes et
al., 2007).
To carry out the cell analysis, a flow cytometer unit (BD FACS-Callibur System Becton,
Dickinson and Company) in the Biomedical Research Centre at the University of British
Columbia was used. Flow cytometer counting beads were used in preliminary analyses to obtain
the cell counts, but due to significant uncertainty and low reliability which actually caused
deviations in the results, their application was abandoned. However, the equipment used in this
study did not have flow meter device; therefore, the equipment flow rate was measured by
pipetting 1mL of ultrapure water in to a flow cytometry tube and the remaining volume was
measured after 10 minutes. Change in the water sample volume divided by the time was assumed
to be the flow rate of the instrument. The measurement was done after and before every analysis,
and consistent results were obtained suggesting a stable flow rate for the flow cytometer. Flow
cytometry instrument was configured to stop after 60 seconds. Having the flow rate known, the
cell concentration in the tube and the sample vial was simply calculated. Net grown cells after
incubation were correlated to the AOC content with a theoretical conversion value (1
10

μ

C

as suggested by Van der Kooij (2002) and Hammes and Egli (2005).

Flow cytometer (Figure, 4.5) was set with the following detector settings shown in the table 4.3.
The primary threshold parameter was the side scatter channel at a value of 275 and there was no
compensation.
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Table 4.3: Flow Cytometer settings for cell enumeration
Channel

Voltage Amp gain Mode

Forward Scatter Channel (FSC)

E01

2.23

Log

Side Scatter Channel (SSC)

412

1.00

Log

Fluorescence Channel 1 (FL1)

597

1.00

Log

Fluorescence Channel 2 (FL2)

674

1.00

Log

Fluorescence Channel 3 (FL3)

520

1.00

Log

Figure 4.5: FACS Calibur BD flow cytometer

4.8.10 Control samples
Control samples were included in all the analyses. For the positive control, natural water with
100 μg/L acetate-carbon was used. The absence of growth in this sample would suggest the
presence of a growth inhibitor (e.g., H2O2), or the absence of essential nutrients (e.g., P, N). As
for the negative control, ultrapure water (or Evian water) was used to monitor any possible
contamination.
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4.8.11 Yield coefficient tests
With the procedure depending on microbial cells growing in the water sample, yield coefficient
should be used as a conversion factor to translate cell concentration to AOC content. In other
words, it has to be determined how many cells can grow within the sample as a result of a certain
amount of AOC present. Moreover, it has to be examined whether the inoculum can yield
linear/proportional number of cells on different concentrations of standard AOC such as sodium
acetate. Note that for more simplicity and conformity with other studies (Hammes and Egli,
2005; Van der Kooij, 2002), yield coefficient tests were performed using desired concentrations
of sodium acetate (i.e., 50, 100, 150 µg/L). Oxalate is another organic substrate with more
complex molecular configuration which can also be used to make artificial AOC concentrations
(Hammes and Egli, 2005; Van der Kooij, 2002). However complexity, concentration, and
difference in nature of the organic content of water may influence final number of cells
reproduced during incubation period (Hammes and Egli, 2005; Van der Kooij, 2002).
To achieve this, solutions were made using natural water (e.g., Capilano water or Evian water)
with desired amount of acetate-carbon (i.e., 50, 100, and 150 µg/L acetate-C). Number of cells
grown on known concentrations of acetate-C solutions were used to correlate the number of cells
grown on AOC and hence, to establish the calibration curve.
To establish the calibration curve, cell concentration and AOC of the original water sample were
considered as background and hence, were deducted from the total cells and the final AOC of
each sample. Next, cell concentrations were correlated to the corresponding AOC values. Yield
coefficient was defined as the slope of cells’ number versus the acetate-C content of the solution.
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4.9
4.9.1

Analytical Techniques and Procedures
pH measurement

The pH of the water samples was measured using a pH meter (Thermo Orion, model 330) before
and after each treatment. When it was necessary, pH of synthetic water used in the experiments
was adjusted to the ones of natural waters (6.5-7.5) using sodium hydroxide (0.1 N solution,
A.C.S reagent, Fischer Scientific).
4.9.2

UV254 measurement

All spectrophotometric measurements were carried out using a UV-Vis spectrophotometer
(Shimadzu UV-Mini 1240) with a cell path length of 1 cm. Absorbance of all water samples
before and after treatment stage was measured at 254 nm. Wavelength of 254 nm was chosen
since it was shown that this parameter can be used as a representative of chromophoric NOM
which mainly is consisted of organic carbons with aromatic and conjugated double bounds
(Sarathy, 2009).
4.9.3

Total organic carbon analysis

Total Organic Carbon (TOC) content of each water sample was analyzed in triplicate using the
TOC analyzer (Shimadzu TOC-VCPH). The organic carbon is measured through the non
purgeable organic carbon (NPOC) method that is based on purging volatile organic carbon of the
acidified sample using an inert gas (i.e., Nitrogen). Inorganic carbon is converted to carbon
dioxide through acidification and the remaining carbon content is oxidized to carbon dioxide
through high temperature catalytic oxidation process.
4.9.4

High performance size exclusion chromatography (HPSEC)

Molecular weight distribution is a key bulk property of NOM, and estimating the average
molecular weight of organic matter has been the focus of many studies (Pelekani et al., 1999;
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Allpike et al., 2005; Sarathy and Mohseni, 2007). Recently, a method has been developed by
using a tightly packed column consisting of small, uniform particles operating at high pressure to
deliver fast, high-resolution chromatograms and is referred to as high performance size exclusion
chromatography (HPSEC) (Pelekani et al., 1999; Allpike et al., 2005).
HPSEC technique was employed in this study to determine the Apparent Molecular Weight
(AMW) distribution of NOM in raw and treated water samples. A WATERS 2695 Separation
Module HPLC system equipped with a WATERS 2998 Photodiode Array Detector, set to
detection at 260 nm, served as the instrument for HPSEC analysis (Figure 4.6).

Figure 4.6: Photo of the HPLC system employed for High Performance Size Exclusion
Chromatography (HPSEC) analysis.
The method of Pelekani et al. (1999) was followed for the HPSEC analysis with some minor
modifications along the way. Two eluents were initially used in this study to obtain the best
separation and resolution of the chromatograms. Following the method described by Pelekani et
al. (1999) the first eluent was Phosphate buffer 0.02 M (A.C.S reagent, Fisher Scientific); at pH
6.8 adjusted with sodium chloride (A.C.S reagent, Fisher Scientific) to 0.1M ionic strength and
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the column flow-rate was set to 0.7 mL/min (Sarathy and Mohseni, 2007). The second eluent
was sodium acetate 0.05 M (99% ACS Sigma Aldrich), pH= 7.5, and was used according to the
method of (Matilainen et al., 2002; Murray and Parsons, 2003). However, few modifications
were made to the concentration of sodium acetate to obtain the best separation and resolution
(more details are provided in Appendix B). Apparent Molecular Weight was correlated to the
retention time by using the calibration curve obtained from polysulfonate standards (7 kDa
PSS7K, 4kDa PSS4K, 2 kDa PSS2K, American Polymer Standards Corporation), Acetone
(certified A.C.S Fisher Scientific) and Benzoic Acid (certified ACS reagent, Fischer Scientific)
with the concentration of 10 ppm.
4.9.5

UV fluence measurement

One of the very important parameters in UV/H2O2 process is UV fluence which is the total
radiant power of all wavelengths emitted on an extremely small sphere (Bolton, 2000). Fluence
is basically defined as the product of exposure time and UV light irradiance and is expressed as
mJ/cm2 (Bolton, 2000; Bolton and Stefan, 2002; Rahn et al., 2006).
UV fluence was determined by iodide ( )/iodate (

), actinometry in which potassium iodide

(A.C.S reagent, Fisher Scientific) is irradiated leading to the formation of triiodide according to
the following reaction (Rahn et al., 2006):
8

3

3

6

9

Triiodide ( ) is measured via the spectrophotometer at λ=450 nm. Potassium iodate (A.C.S
reagent, Fisher Scientific) acts as electron scavenger in this reaction, while sodium borate
(Laboratory grade, Fisher Scientific) will keep the reaction pH at constant value of 9.25 (Rahn,
1997). Detailed explanation of chemical actinometry is provided in Appendix B.
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A radiometer (IL1700, sensor SED240 for 254 nm, International Light Inc.) was also used as a
reference to measure irradiance. Radiometer has the advantage of ease of use and rapid
measurement of UV radiation. Since radiometers need periodically checking and calibration,
chemical actinometers are more accurate and reproducible than physical devices (Kuhn et al.,
2004).
4.9.6

H2O2 concentration measurement

H2O2 concentration was measured through the reaction with iodide catalyzed by ammonium
molybdate (Klassen et al., 1994). The following reactions take place in the presence of H2O2 and
KI resulting in the production of iodate (I ) which builds the basis for the measurement of
hydrogen peroxide:
H O

2I
I

2H
I

I
I

2H O

A
B

Reaction (A) is slow and therefore is catalyzed using ammonium molybdate. Based on the Le
Chatelier’s principle, reaction (B) will be strongly in favor of iodate (I ) at high concentration of
Iodide. Iodate (I ) can be detected at wavelength 351 nm. Potassium hydrogen phthalate (KHP
A.C.S reagent, Fischer Scientific) was used to buffer the solution. H2O2 measurement technique
is also elaborated in Appendix B.
4.9.7

BDOC measurements

BDOC measurements were performed at Ecole Polytechnique de Montreal, research,
development and validation center for water treatment technologies and processes (CREDEAU)
(Dr. Barbeau’s Lab). Samples were prepared and quenched of H2O2 at UBC and were sent
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overnight at 4°C. The method employed was similar to the one developed by Servias et al. (1987,
1989), but with some slight modifications.
In summary, water samples are filtered through a 0.45 µm membrane (Supor-450), into carbonfree 125 mL bottles (in duplicate). Then inoculum, consisting of indigenous bacteria (raw water
filtered through a 2.7 μm membrane to remove protozoa), is added to the raw water (2% v/v).
Next, mineral solution containing nitrogen ((NH4)2SO4) and phosphorus (KH2PO4) is added to
the water samples to reach a final concentration of about 10 μg/L of P, and 200mg/L of N.
A 40 mL-DOC aliquot is then taken from the 125 mL bottle and analyzed with the TOC
analyzer (T0) (5310C-TOC Analyzer by Sievers (GE)). The glass bottles are then incubated at 20
° C in dark, without stirring or aeration for a period of 30 days. After 30 days, a second aliquot of
40 mL-DOC is taken again from the125 mL incubated bottles, and is analyzed (T30). BDOC is
the difference between the initial and final COD (BDOC= DOC T0-DOC T30).
4.9.8

Residual aluminum in the treated water

Residual aluminum in the water that undergoes coagulation by alum should be minimized since
alum is suspected to be harmful to human and living organisms. Residual aluminum was
measured at 167.016 nm wavelength using Inductively Coupled Plasma Optical Emission
Spectroscopy technique known as ICP-OES. This technique allows determination of elements in
acidified aqueous solutions. Common detection limits for most common elements is in the order
of < 1μg/L. Aluminum measurements were performed using PerkinElmer 7300DV Optical
Emission Spectrometer in the Environmental Engineering Laboratory at the Department of Civil
and Environmental Engineering, UBC.
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4.9.9

Alkalinity measurement

Alkalinity determines the capacity of water to neutralize acids by absorbing hydrogen ions
without considerable change in pH. Alkalinity in water is mainly due to the presence of
bicarbonates, carbonates, and hydroxide. In UV/H2O2 treatment applications, alkalinity (i.e.,
bicarbonates and carbonates ions) can compete with other target species (i.e., micro-pollutants)
in scavenging OH radical, hence reducing the overall efficiency of the process. In this study,
alkalinity was measured according to the Standard Method (SM 2320). Samples were titrated
with standard sulfuric acid (0.02 N) to the endpoint pH equal to 4.5 (SM 2320). Alkalinity is
calculated as mg/L of calcium carbonate (CaCO3) equivalent according to the following
equation:
50000

where A is the standard acid used and N is the normality of the acid (0.02 N).
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5

Development of Method for Assimilable Organic Carbon Quantification
for UV/H2O2 Advanced Oxidation

5.1

Introduction

This chapter focuses on the results associated with modifying the method of Hammes and Egli
(2005) for determining the AOC of UV/H2O2 treated water. The first objective was to
obtain/develop the necessary skill to measure the AOC of natural waters using fluorescent
staining and flow cytometric enumeration. Next, the incubation time required for the cells to
reach the stationary phase was determined. To convert the number of cells grown to AOC, the
yield coefficients were obtained for each natural microbial consortium by using AOC solutions
artificially made with sodium acetate. The most challenging part was to find a suitable quencher
for removing H2O2 as experimental findings showed that even a very small amount of residual
H2O2 (0.2 ppm <) inhibits bacterial regrowth and hence, interferes with the correct estimation of
AOC. However, no study reported the impact of H2O2 quenching agents on AOC determination.
As a result, several organic and inorganic quenchers were examined and their impact on AOC
was assessed.
5.2

Cell Staining and Enumeration by Flow Cytometry

Three different raw waters from Capilano Reservoir (CW), providing drinking water to the
Greater Vancouver region, British Columbia (TOC~1.4 ppm), Trepanier Creek, providing water
to the town of Peachland (PW), British Columbia (TOC~5 ppm), and Josephine Lake, serving
water to Bowen Island (BI), British Columbia (TOC~4.8 ppm) were used in this study. The
method of Hammes and Egli (2005) was applied according to Section 4.6 to assess AOC, and
samples were analyzed using flow cytometer to obtain cell concentration and intensity dot plots.
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Figure 5.1.a represents the density dot plot for the stained filtered CW water with SYBR GREEN
I before incubation. Because of filtration with 0.22 µm filter, almost no cell was present in this
sample, so all the events observed (i.e., small particulate matter in the water, not stained cells)
were considered as background. As a result, the events at <101 on the fluorescence channel (FL1)
were excluded accordingly, and positive stained cells were enumerated with the respective
selected gate (R1) (Figure 5.1.a). Distinguishing between background noise signals and bacteria
was based on experience with the instrument and relevant controls (e.g., a water sample before
and after filtration with 0.22 μm). The x-axis represents the green fluorescence intensity (FL1)
and the y-axis is the side scatter channel (Figure 5.1.a) providing additional information about
the relative size of the detected particles (Hammes et al., 2007). Figure 5.1.b demonstrates a
typical histogram plot of the cells inside the designated gate, when sample is analyzed with flow
cytometry. The y-axis shows the number of cells for the corresponding fluorescence intensity
presented on the x-axis (FL1).
10

4

a

b

12

10 3

10

10

# Cells

SSC-H

9
2

6

R1

1

3

10 0

0
10

0

10

1

2

10
FL1-H

10

3

10

4

10

0

10

1

2

10
FL1-H

10

3

10

4

Figure 5.1: Acquisition density plot (a) and Histogram plot (b) for filtered
Capilano water (0.22 µm filter)

Figure 5.2 demonstrates the cell concentration for Capilano water 72 hours after incubation. Cell
concentration increased significantly over the incubation period due to the consumption of
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organic carbon available in the sample. Zones with more color intensity represent higher cell
density. More importantly, different cell populations can be discerned within Figure 5.2.a, with
specific size and fluorescence intensity. Each colony corresponds to a particular nucleic acid
content of the cells (i.e., low nucleic acid and high nucleic acid) as described by Lebaron et al.
(2001) and Hammes et al. (2007). It should be noted that flow cytometry can detect total cell
concentration using a DNA-targeting fluorochrome (i.e., SYBR GREEN I), and differentiation of
the bacteria based on their features such as viability is very complicated and tedious (Hammes et
al., 2007).
SYBR GREEN I also emits signal corresponding to the range of red fluorescence spectrum (FL3,
590-620 nm). Hence, Hammes and Egli (2005) and Hammes et al. (2007) used FL1-FL3
diagram to count the cells. This was also practiced in this study (data not shown); however, the
FL3 channel intensity was compensated with a higher voltage since signals detected at this
channel are about 10 times lower than the ones detected at FL1 channel (Hammes et al., 2007).
Experiments were repeated three times and consistent results were obtained confirming the
reproducibility of the technique and the experiments. Performing this step was necessary to
obtain the skill and confidence in gaining consistent results.
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Figure 5.2: Acquisition density plot (a) and Histogram plot (b) for
Capilano water after the incubation
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5.3

Determination of the Incubation Time

A critical step in the AOC assay is to determine the incubation time needed for the bacteria to
reach stationary phase, implying that no further growth will be taking place (µ=0) (Hammes,
2008). Raw Capilano water with zero and 100 µg/L of acetate-carbon concentration was
inoculated by its indigenous consortium (prepared according to section 4.7.4) with initial cell
concentration of 1E4 cells/mL followed by incubation at 30°C. Cell concentrations were
measured every 24 hours after the incubation, and stationary phase was confirmed by observing
a constant cell concentration over time. It is assumed that in the stationary phase all the utilizable
carbon is consumed by the bacteria so the samples and the inoculum are AOC-free after reaching
their stationary state (Hammes and Egli, 2005). Therefore, the number of cells grown up to the
stationary phase is assumed to be controlled by the assimilable organic carbon content of the
sample (Hammes and Egli, 2005).
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Figure 5.3: Incubation time required for CW with 0 and 100 µg/L of acetate-C to reach the
stationary phase
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Figure 5.3 shows the corresponding AOC data from the bacteria population growth over the
incubation time for the raw Capilano water with zero and 100 µg/L acetate-C. Capilano water
with artificial concentration of 100 µg/L of acetate-C reached the stationary phase within 48
hours after incubation. However, results obtained for the raw water suggests 72 hours as the
sufficient time after which no growth took place. Hammes and Egli (2005) also observed that at
30 °C it takes between 24 – 48 h for a natural community to reach the stationary phase in a water
sample, though this could be very different based on the type (i.e., simple or complex mixture)
and concentration of the assimilable carbon available in water. Nevertheless, 72 hours was
selected for subsequent experiments as the adequate incubation time for the bacteria to grow and
reach stationary phase.
5.4

Determination of Yield Coefficients for Natural Inocula

Yield coefficient should be used as conversion factor to translate cell counts and concentrations
to AOC content. In the other words, it has to be determined that how many cells can grow within
the sample as a result of a certain amount of assimilable organic carbon available in water.
Moreover, it has to be examined whether the inoculum can yield linear/proportional results on
different concentrations of a standard AOC source such as acetate-C.
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Figure 5.4: Yield coefficients obtained for three different natural waters using raw water with
artificial concentration of acetate-C as AOC
Figure 5.4 demonstrates the stationary phase cell concentration versus the initial acetate-C (i.e.,
AOC) concentration for three different raw waters. As shown, the concentration of cells grown
increased linearly as a function of acetate-C content. To obtain each curve, cell concentration of
the original water was considered as background and hence, was deducted from the total cell
counts. Then, the remaining cell concentration was correlated to the theoretical AOC content.
With this information, yield coefficient, with unit of cells μg-1 acetate-C, was derived based on
the following Equation:
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As also demonstrated in Figure 5.4, the yield coefficients obtained for Capilano and Peachland
inocula were 1.01E7 and 9.31E6 cell μg-1 acetate-C, respectively. This agrees very well with the
value (1E7 cell μg-1) suggested by Hammes and Egli (2005) and Van der Kooij (2002). However,
yield coefficient obtained for BI inoculum (i.e., 7.37E6 cell μg-1 acetate-C) shows about 27%
negative deviation from the proposed value. This can be attributed to the type of NOM (i.e.,
complexity of organic molecules) available in BI water or to the ability/potency of the
indigenous microorganisms to consume organic matter. Nonetheless, AOC values obtained for
artificially made solutions are very close to their expected theoretical values for all three inocula.
This confirms that AOC is directly linked to the number of grown cells up to the stationary
phase. The measured yields (i.e., 1.01E7, 9.31E6, 7.37E6 cell μg-1 acetate-C) are about 2-times
higher than the yield reported for the growth of Pseudomonas P17 (4.6E6 cells/μg acetate-C) but
slightly lower than the one reported for Spirillum NOX (1.2E7 cells/μg acetate-C) reported by
Hammes and Egli (2005). This difference can be attributed to the nature of the inocula used in
this study (i.e., natural consortium) which can be consisted of a diverse range of microorganisms
with different abilities to grow on organic carbon. This would provide broader range of
microorganisms capable of consuming the AOC content of water, thereby providing a more
realistic interpretation of biostability (Hammes and Egli, 2005). Further, acetate-C is the standard
that is used in many other AOC assays (Clescerl et al., 1999), and therefore the findings in here
can help to relate the data gathered with other AOC methods.
Given that the yield coefficients calculated from the experiments in this study were close to the
proposed value of 1E7 cells μg-1 acetate-C (Hammes and Egli, 2005; Van der Kooij, 2002), and
also for consistency in all the experiments, this yield coefficient was selected for all subsequent
analyses. However, conversion is probably one of the most controversial issues in AOC assays,
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since it is uncertain whether conversion to a single simple substrate is the correct approach to
reflect growth on complex organics (Hammes and Egli, 2005; Hammes, 2008).
5.5

Effect of Natural Microbial Inoculum

Hammes and Egli (2007) reported that the choice of natural inoculum did not have a significant
impact on the final results of the AOC bioassay. Similar observation was also reported by
Servias et al. (1989) on the effect of different inocula on the final data of the BDOC test.
However, in those studies it was assumed that most natural inocula would have the ability to
grow on any water sample, yielding about the same cell concentrations. Nonetheless, this
hypothesis was investigated through cultivating three different inocula (CW, PW, and BI) on
four different waters (CW, PW, BI, and SW) to better understand the impact of the inoculum.
Figure 5.5 illustrates the results obtained using different inocula on various types of waters. It is
apparent that using different microbial communities from different sources generally leads to
similar results for a single water source. However, minor deviations are observed in some cases.
For instance, in the case of Peachland water there is a significant (about two times) difference
when using the indigenous consortium as opposed to the inocula prepared from Bowen and
Capilano waters. This could be due to variability within the microbial communities and their
ability in consuming different organic matters from different water media. Of important note is
that, no two sources of carbon give exactly the same yield when consumed by a specific
consortium, and no two bacterial species have exactly the same yield when consuming the same
carbon compound (Hammes and Egli, 2005; Van der Kooij, 2002).
Despite the aforementioned results and for more conformity, one would prefer a standardized
inoculum that can guarantee consistent results. This inoculum should be tested for purity (i.e., it
contains no AOC and hence does not contaminate the test sample), and for growth on simple and
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complex organic carbon sources. In this regard, Hammes and Egli (2007) suggested using a
commercial natural mineral water (e.g., Evian water, France), which undergoes no disinfection.
To obtain higher cell density, the mineral water can be spiked with known concentration of
acetate-C. This approach can make an inoculum readily accessible to any user without the need
for extensive pretesting (Hammes and Egli, 2005, 2007).
The results obtained in this work, nonetheless, suggest that a careful choice needs to be made
when using natural consortium as inocula. That is, different inocula should be tested in order to
obtain more decisive conclusions. As a result, it was preferred to use the indigenous inoculum as
it was deemed that the bacteria in a specific water sample tend to be the best microorganisms
adapted to the carbon source of that water.
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Figure 5.5: Impact of different inocula on the AOC of different natural waters.
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5.6

Effect of Mineral on the Bacterial Growth

Addition of mineral buffer (Clescerl et al., 1999) is recommended for waters with low levels of
phosphate and nitrate to ensure that carbon will be the only limiting substrate for bacterial
growth (Hammes and Egli, 2005; Hammes, 2008). To gauge the effect of mineral addition, AOC
of natural water was assessed with and without minerals added to the sample.
Figure 5.6 shows the data for two natural waters (i.e., Capilano and Peachland waters) and the
synthetic water made with isolated NOM (TOC~5, pH~6.9) in the absence and presence of
minerals. As illustrated, addition of minerals promoted bacterial growth in all the water samples,
with the PW water showing the greatest increase (i.e., 42%) in comparison with the CW and SW
waters (i.e., showing 20% and 7% increase, respectively). These variations could be due to the
levels of minerals already present in these waters. With these tests showing the effect of mineral
addition, all subsequent experiments were carried out with the addition of minerals to ensure that
carbon was the only limiting substrate for the growth of bacteria.
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Figure 5.6: Effect of mineral addition on AOC of Capilano, Peachland, and Synthetic waters.
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5.7

Effect of Pasteurization

Pasteurization step is applied in the conventional AOC bioassay to inactivate the bacteria present
in the sample. This step is replaced with filtration (0.22 µm filter) in the current AOC assay.
However, it should be noted that filtration is not a sterilization step, since a few cells could still
pass through the filter (Hammes, 2008). Nevertheless, these cells are believed not to pose a
significant impact on the final AOC results as the sample is seeded with a notably higher amount
of autochthonous microbial consortium (Hammes, 2008).
The effect of pasteurization was gauged as part of a collaborative study with the drinking water
research group at Ecole Polytechnique de Montreal. Two sets of samples were obtained from
different stages of a pilot plant water treatment system; one set underwent pasteurization. Both
sets (i.e., pasteurized and non-pasteurized) were sent to UBC overnight at 4°C for AOC analysis.
Figure 5.7 presents the AOC data obtained for pasteurized and non-pasteurized samples. As
demonstrated, pasteurization generally leads to increases in the amount of AOC in all the
samples. About 20% increase was observed in the AOC as a result of pasteurization.
Nonetheless, no concrete conclusion was made in this regards. Hammes (2008) also reported
similar observation and concluded that pasteurization can cause changes in the organic carbon
structure such that it increases the AOC.

Therefore, applying pasteurization step is not

recommended where, filtration is used to remove bacteria and particulates.
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Figure 5.7: Impact of pasteurization on the AOC data for a treatment train (in collaboration with
Ecole Polytechnique de Montreal)
5.8

Hydrogen Peroxide Quenching Agents

Residual H2O2 after the UV/H2O2 treatment needs to be quenched as experimental findings
showed that residual H2O2 (> 0.2 ppm) inhibits bacterial regrowth and hence, interferes with
proper/accurate estimation of AOC. Experimental data (not shown) suggested that residual H2O2
level must be reduced down below at least 0.2 ppm to ensure no detrimental effect on bacterial
growth in the AOC assay. For this reason, different organic and inorganic reagents were utilized
in this work to decompose H2O2 present in water samples. The candidate agents were examined
and compared in terms of their ability in removing hydrogen peroxide and their effect on AOC.
5.8.1

Effect of Catalase from bovine liver

Liu et al. (2003) reported that Catalase with concentrations of up to 0.2 mg/L in water poses no
negative effect when it is used to remove H2O2 prior to the TOC and DBPs formation potential
tests. Preliminary data showed that using the minimal concentration of Catalase (0.2 ppm) can
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quench 10 mg L-1 H2O2 within 30 minutes. Therefore, this information was used for further AOC
experiments in which H2O2 was quenched using catalase.
Figure 5.8 demonstrates the impact of Catalase (0.2 ppm) on the original AOC of the raw water
when it was used to remove hydrogen peroxide. As demonstrated, AOC concentration of the
original raw water increased as a result of using Catalase indicating that employing even very
low concentration of this enzyme will interfere with subsequent AOC analysis. The AOC
increase can be attributed to the organic nature of Catalase.
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Figure 5.8: Impact of Catalase on the AOC of Capilano Water (CW) containing H2O2
5.8.2

Effect of pure MnO2

Manganese dioxide (MnO2) is known as one the most effective inorganic H2O2 scavengers that
can accelerate H2O2 decomposition reaction to water and oxygen. Preliminary experiments
showed that sixty minutes was appropriate for 100 mg MnO2 to eliminate H2O2 (10 ppm) in 70
mL of water. Given the relatively low surface area of the pure manganese (granular form), the
decomposition reaction showed to be slow and time demanding.
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As shown in Figure 5.9, MnO2 demonstrated detrimental effect on the AOC when it was used to
eliminate H2O2 in Capilano water. Complementary tests were also performed on CW water with
artificial concentrations of AOC, and the same results were obtained confirming the inhibition of
bacterial growth. To ensure this, identical experiments were performed on Evian water, a
commercially available mineral water, and Capilano water at Trojan Technologies, ON, by Dr. Siva
Sarathy. Data obtained confirmed the previous observations for Capilano water.

However, in

contrast, MnO2 was found to slightly promote bacterial growth in Evian water. The exact reason for
this is unknown, but it is hypothesized that manganese is dissolved in Capilano water during the
quenching process due to the relatively low pH (pH = 6.8) or the low alkalinity (< 5 mg/L as CaCO3)
of Capilano water. On the other hand, Evian water contains significant buffer capacity (i.e., pH 7.18,
Calcium (Ca) 78, Chloride (Cl−) 2.2, Bicarbonate (HCO3) 357, Magnesium (Mg) 24, Nitrate (NO3)
3.8, Potassium (K) 0.75, Sodium (Na) 5, Sulfates (SO) 10, all units in ppm).

The residual

concentration for MnO2 was measured for both water media and data obtained showed a
considerably higher level of residual Mn in CW water in comparison with that in Evian water (i.e.,
0.228 ppm vs. 0.005 ppm). Nonetheless, no concrete conclusion was drawn for this phenomenon, so
the application of MnO2 was ruled out due to the variability in its function and unpredictable impact
on AOC.
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Figure 5.9: Impact of MnO2 on AOC of Capilano water containing H2O2
5.8.3

Effect of 85% MnO2

Pure manganese in the granular form had lower surface area and therefore it required a relatively
long time to decompose H2O2. To resolve this, manganese dioxide (80-85% Sigma-Aldrich) was
used in the powder from. This caused H2O2 to decompose more rapidly leading to shorter time
for quenching. However, similar to the pure agent, inhibition of growth was observed for
powdered MnO2 (see Table 5.1).
5.8.4

Effect of PbO2

Lead dioxide (PbO2) is another oxidizing agent used for the decomposition of H2O2 to hydrogen
and oxygen. H2O2 showed faster decomposition (in comparison with MnO2) in the presence of
PbO2 (10 minutes). As shown in Table 5.1, data obtained from the AOC assay after H2O2
quenching indicated that using PbO2 also inhibits bacterial growth within the sample. One
possible explanation for this could be the dissolution of Pb/PbO2 in water sample during H2O2
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removal procedure. PbO2 is known to have strong oxidizing nature, which can severely impede
bacterial growth. However, measurement of residual Pb/PbO2 can provide more insight into this
hypothesis; however, this was not investigated since it was not a priority and was outside the
scope of the research.
5.8.5

Effect of Fe2O3

Hydrogen peroxide can react with Fe+2 and oxidize it to Fe3+ as in the following reaction:
2

2

2

OH radical can also be generated as the result of H2O2 and Fe+2 in a process known as Fenton
reaction:
.

As a result, hydroxyl radicals generated from this reaction can oxidize the organic species
leading to potential AOC increase. This hypothesis was confirmed with experiments and the
results are shown in Table 5.1. Therefore, using ferric oxide was also ruled out as a possible
alternative for H2O2 elimination.
5.8.6

Effect of Silver (Ag)

This alternative was also examined to remove hydrogen peroxide. The results obtained on AOC
assay after hydrogen peroxide quenching clearly illustrated the detrimental impact of Ag on
bacterial growth in the water sample (Table 5.1). This was potentially expected since Silver has
been used for drinking water disinfection and other antimicrobial purposes especially when
limitations exist in using chlorine (Silvestry-Rodriguez et al., 2007). Therefore, having even a
small amount of dissolved Ag in water can certainly hinder bacterial growth and reproduction.
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Similar to the case of PbO2, assessing the residual silver in the solution was not investigated even
though it could provide deeper insight into this phenomenon.
Table 5.1: Effect of different inorganic H2O2 quenching agents on AOC
Purity (%) Initial [H2O2] Original AOC AOC measured

Substrate

Manganese dioxide (MnO2) 85%

10 ppm

18 μg/L

LDL1

Lead dioxide (PbO2)

99.99%

10 ppm

18 μg/L

LDL

Ferric Oxide (Fe2O3)

97%

10 ppm

18 μg/L

50 µg/L

Silver (Ag)

99.99%

10 ppm

18 μg/L

LDL

5.8.7

Sodium thiosulfate as H2O2 quenching agent

Sodium thiosulfate is another H2O2 scavenger that has been suggested in SM 9217 to remove
chlorine and also has been used widely for quenching ozone prior to AOC determination
(Clescerl et al., 1999; MacLean et al., 1996). However, its viability as H2O2 quencher has not
been reported in the literature.
Sodium thiosulfate reacts with H2O2 according to the following reaction:
2

2

The concentration of thiosulfate applied to remove H2O2 should at least be the stoichiometric
equivalent or more. MacLean et al. (1996) reported thiosulfate to have detrimental effect on the
BDOC analysis. The authors correlated this to the production of sulfuric acid as a result of
bacterial activities metabolizing the residual thiosulfate; hence, changing the pH and the
heterotrophic activity of the microorganisms. Similar observation was reported by Sarathy

1

Detection limit of the AOC is 10 μg/L as reported by Hammes and Egli., 2005
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(2009) who used thiosulfate to eliminate H2O2 prior to AOC assay and showed thiosulfate to
inhibit microorganisms growth. The author hypothesized that tetrathionate, the product of the
reaction between H2O2 and sodium thiosulfate, may potentially inhibit microbial growth.
However, this hypothesis was not investigated. The other possible explanation for this could be
due to the pH change as a result of NaOH production, which affects the heterotrophic activity of
the microorganisms. Therefore, it is hypothesized that the buffer capacity of the water can
potentially play an important role in affecting the bacterial growth in the water. Taking into
account all the aforementioned uncertainties, thiosulfate was not considered a feasible
alternative; hence, was not investigated in this study.
5.8.8

Effect of immobilized Catalase on glass beads

The characteristics of immobilized enzyme preparations are governed by the properties of both
the enzyme and the carrier material (Sheldon, 2007). Several methods have been proposed for
Catalase immobilization on various types of supports for different applications (Lohmann and
Legge, 2006; Sheldon 2007; Vasudevan and Weiland, 1994; Betancor et al., 2003; Tukel and
Alptekin., 2004; Vera-Avila et al., 2004; Yoon et al., 2007; Alptekin et al., 2010). In general,
three established methods can be employed for enzyme immobilization (Sheldon, 2007):
1) Support binding which can be physical (such as hydrophobic and van der Waals
interactions), ionic, or covalent. The support can be a synthetic resin, a biopolymer or an
inorganic polymer such as (mesoporous) glass-bead or a zeolite (Sheldon, 2007).
2) Encapsulation via entrapping of an enzyme in a non-prefabricated polymer net such as an
organic polymer or a silica sol-gel (Sheldon, 2007).
3) Cross-linking of enzyme aggregates or crystals, using a bi-functional reagent, to prepare
carrier-less macro-particles.
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Glass beads prepared according to the procedure explained in Section 4.6.2.1 were used to
eliminate H2O2 from the water sample. Figure 5.10 shows the impact of glass beads on the AOC
of water. As demonstrated the AOC of the raw waters increased after the elimination of H2O2
with glass beads immobilized with Catalase. This increase was attributed to the release of the
immobilized enzyme with weak attachment to the surface of the glass bead.
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Figure 5.10: Impact of Catalase immobilized on glass bead (GB) on natural waters (i.e., CW and
PW)
The reuse of GB for repeated peroxide quenching applications has been investigated. This was
particularly of interest because of the tedious nature of the work involved in the immobilization
of enzyme on the glass surface. Glass beads were recovered and re-used after each quenching
step. Quenching was continued for 60 minutes and H2O2 concentration was measured every 15
minutes. Figure 5.11 demonstrates the activity of the biocatalyst at removing H2O2 for five
subsequent batches. As shown in Figure 5.11, the initial H2O2 degradation rate decreased as the
number of recycles increased, indicating that the performance of the biocatalyst in decomposing
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H2O2 decreased as it was used for subsequent experiments. One possible explanation is mainly
attributed to the release of the immobilized Catalase into the solution as a result of instability of
the enzyme on the glass surface.
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Figure 5.11: Effectiveness of the immobilized GB for the repeated quenching H2O2
5.8.9

Effect of immobilized Catalase on SEPABEAD®

SEPABEAD® EC-EP, an epoxy activated resin, with very easy immobilization protocol was
tested for H2O2 removal. The application of this polymeric substrate was of particular interest
when compared to GB because of the tedious nature and hazardous materials used for
immobilization on GB. Hydrogen peroxide elimination was observed to be fast and effective
when using SEPABEAD (10 ppm of H2O2 reduced to below 0.1 ppm within 20 minutes). Figure
5.12 compares the results for the AOC of Peachland and Capilano waters after removing H2O2
with SEPABEAD and GB. As demonstrated, SEPABEAD showed promising results with
minimal detrimental impact on the AOC of the original sample. This confirms the strong multipoint attachment between the enzyme and the epoxy groups, on the surface of PS, as reported by
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Mateo et al. (2002). The biocatalyst prepared in this work, can be kept in AOC-free glassware in
the fridge for up to two months without losing any activity or stability of the immobilized
enzyme. In fact, this was expected since the physical property and internal geometry of the PS
lead to multi-point attachment of the enzyme to the support, thereby providing stable and strong
immobilized enzyme. Therefore, Catalase immobilized on the polymeric support was selected
for subsequent experiments.
It should be noted that finding the best immobilization protocol on SEPEABEAD was not the
primary objective in this study and therefore the procedure used in this work was deemed to be
satisfactory for our application. Nonetheless, finding the optimal condition to enhance stability
and activity of the immobilized Catalase on the polymeric support can be very valuable for
future researches.
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Figure 5.12: Comparison of the impact of Catalase immobilized on SB and GB (used to remove
H2O2) on the AOC of natural water.
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5.9

Highlights and Remarks

A previously developed method by Hammes and Egli (2005) for AOC determination was
modified for UV/H2O2 treatment applications. The critical step for UV/H2O2 treated water was
using a H2O2 quenching agent with minimal impact on the actual AOC. After examining several
candidates, Catalase immobilized on SEPABEAD® was chosen to remove H2O2 for subsequent
experiments studying the impact of UV/H2O2 on the AOC profile of natural waters. However,
when applying this method to assess biological stability of water, one should note to some key
aspects that could potentially influence the results of the assay.
1. Inoculum: Natural microbial consortium can potentially exhibit different utilization of AOC
compared to pure cultures (i.e. P17 and NOX). Moreover, AOC results may also vary for a single
inoculum depending on the organic substrates available (Hammes and Egli, 2005). Moreover, the
choice of the natural inoculum can also play an important role in the outcome of the AOC assay.
2. Conversion values: Of important point to note is that, AOC of natural water was assessed
through cultivating a natural indigenous consortium and cells were counted via flow cytometry.
This would provide broader range of substrate capable of consuming the AOC content of water,
thereby providing a more realistic interpretation of biological stability (Hammes and Egli, 2005).
However, conversion is probably one of the most controversial issues in AOC assays, since it is
uncertain whether conversion to a single simple substrate is the correct approach to reflect
growth on complex organics (Hammes and Egli, 2005; Hammes, 2008).
3. Contamination prevention: AOC assay is highly sensitive and susceptible to many sources of
organic carbon contamination. Therefore, it requires strong operator skills to identify
problematic points. Nonetheless, for any given set of experiments, it is strongly recommended to
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include positive and negative controls in order to be aware of any inhibition and/or
contamination affecting bacterial growth within the sample (Sarathy, 2009).
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6

Impact of UV/H2O2 Advanced Oxidation Process on Water Quality
Parameters

6.1

Introduction

Two different types of water (i.e., natural and synthetic waters) were used in this study. Synthetic
water was made from Suwannee River (SR) isolated NOM at two different TOC concentrations
of 5 ppm and 10 ppm. Table 6.1 represents the selected characteristics of the waters used in this
study.
Table 6.1: Selected characteristics of the waters used in this study
Parameter/Water

CW Reservoir

BI water

SR NOM (5 mg/L)

TOC (ppm)

1.45±0.075

4.81±0.03

5.28±0.014

pH

6.7

6.3

7 (adjusted from the original
value of 5.3)
UV254 (cm-1)

0.063± 0.002

0.185±0.003

0.220

SUVA (L mg-1 m-1)

4.2± 0.316

3.75± 0.072

4.15± 0.05

Alkalinity (ppm)

< 5ppm

< 15ppm

NA

Specific UV absorbance (SUVA) defined as the ratio of UV254 to DOC was monitored in all the
experiments. Given that UV254 is a surrogate parameter for aromaticity, employing SUVA helps
to represent the relative amount of aromatic carbon in NOM (Singer, 1999; Sarathy, 2009).
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6.2
6.2.1

Impact of UV/H2O2 Process on Physiochemical Properties of Waters
Impact of UV/H2O2 treatment process on Capilano water

Figure 6.1 illustrates changes observed in UV254, TOC, and SUVA profiles for Capilano water
(CW) treated with UV/H2O2 process. Experiments were conducted with initial H2O2 dosage of
10 ppm and different UV exposure times. The portion of NOM that absorbs UV at 254nm is
defined as chromophoric NOM (CNOM) (Sarathy, 2009; Sarathy and Mohseni, 2007).
Therefore, a change (i.e., reduction) in the UV254 of water indicates a change (i.e., loss) in the
aromatic and conjugated double bond structures of NOM (Sarathy, 2009).
As demonstrated in Figure 6.1, a similar linear reduction was observed for both UV254 and
SUVA profiles. This is because, TOC was reduced about 25% over the course of the treatment,
and most of the reduction in SUVA (i.e., 35%) was due to the loss (i.e., 50%) of aromatic and
conjugated double bonded portion of NOM measured as UV254 absorbing species. This
phenomenon was also observed and reported by other researchers (Speitel et al., 2000; Thomson
et al., 2004; Toor, 2005; and Sarathy, 2009) for various initial H2O2 concentrations and different
UV exposures. In fact, SUVA can be used as a very useful surrogate to monitor the structural
changes of NOM during the treatment. Toor (2005) and Sarathy (2009) reported that the change
in SUVA was correlated to the changes in biodegradability of organic matter as well as the DBPs
formation potential.
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Figure 6.1: Impact of UV/H2O2 treatment on the physiochemical characteristics of Capilano
Water (CW).
6.2.2

Impact of UV/H2O2 treatment process on Bowen Island water

Bowen Island water (BI) underwent the identical UV/H2O2 treatment as Capilano water and the
same analyses were performed in order to assess the impact of the treatment process on water
quality characteristics. Figure 6.2 demonstrates changes in physiochemical characteristics of
Bowen Island water. Total organic carbon was observed to reduce by about 12% during the
treatment and UV254 reduced by 38% from its initial value, indicating the transformation of
aromatic constituents of NOM into aliphatic molecules (Sarathy and Mohseni, 2007, 2009; Song
et al., 2008). Similar to the case of Capilano water, TOC reduction was less significant in
comparison with that of UV absorbance, indicating the dominant effect of UV254 on the trends
observed for the SUVA profile.
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Figure 6.2: Impact of UV/H2O2 treatment on physiochemical characteristics of Bowen Island
(BI) water.
Table 6.2 summarizes the reduction of TOC and UV254 for the Capilano and Bowen Island
waters after UV/H2O2 treatment with a UV fluence of 2000 mJ/cm2. The percentage reductions
of UV254 and TOC are higher for CW than BI water. However, the net change (or reduction) in
both parameters are greater for the BI water. To explain this, one should note that the required
time to reach identical UV fluence in BI water is almost twice as the one required for CW water.
Therefore higher amount of photons will be absorbed by the organic matter in BI water. This
leads to greater number of organic molecules being converted, however the fractional change
would be smaller than that in Capilano water. Moreover from the kinetic point of view, the
degradation of CNOM has been reported to be in the form of

.

(See

Appendix A). Assuming that the concentration of OH radical to be the same in both systems
therefore the change in CNOM can be expressed as:
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∆

1

Therefore time (t) and the nature of the organic matter (k) also affect the degradation profile of
CNOM. It is important to realize that the characteristics of NOM which can affect its reaction
rate with OH radical can be very different from one water source to another. For instance higher
SUVA value of the CW water indicates higher amount of aromatic compounds prone to react
with OH radical. Moreover, according to the equation 11 in Appendix A the absorbance of the
water also affects the degradation of H2O2, thereby generation rate of OH radical. Therefore to
better understand and predict the CNOM profile over the UV/H2O2 treatment, on should take
into account all the considerations and the factors that can affect the concentration of species in
the system.
Table 6.2: Comparison of the Impact of UV/H2O2 on Capilano and Bowen Island waters
UV254 reduction

UV254 reduction

TOC reduction

TOC reduction

(%)

(absolute)

(%)

(absolute)

Capilano

50%

0.032

25%

0.384

BI

38%

0.069

12%

0.580

Water

6.3

Impact of UV/H2O2 Treatment on Synthetic Water

Isolated NOM was used in this study at two different concentrations (i.e., 5 and 10 ppm as TOC)
to investigate the impact of NOM concentration on UV/H2O2 process performance. Suwannee
River (SR) NOM was used because it is a well characterized and widely studied NOM. The pH
of the solution decreased after dissolving SR NOM in Milli-Q water due to dissolution of humic
and fulvic acids present in NOM. As a result, pH was adjusted to neutral range (about 7) by
using NaOH (0.1 N). Alkalinity was also amended by adding sodium bicarbonate.
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6.3.1 Impact of NOM concentration
Figure 6.3 shows the UV254 profile of SR water at two different TOC concentrations (i.e., 5 and
10 ppm) during the UV/H2O2 treatment. The results indicate that UV absorbance for the
synthetic water with 10 ppm TOC decreased about 27%, while this parameter showed about 33%
reduction for SR water with 5 ppm TOC for the same treatment condition (i.e., [H2O2]~10 ppm
and UV fluence up to 2000 mJ/cm2). However, the absolute change of UV254 for the SR water
with 10 ppm TOC (0.122) is 1.67 times higher than that for the SR water with 5 ppm TOC
(0.073). This observation is similar to the previous data on the natural waters where higher
amount of CNOM degradation was observed for the water with higher initial CNOM, while
percentage reduction was lower in comparison with the water with lower initial CNOM. Of
important note is the smaller difference in UV254 percentage reduction for SR water at two
different concentrations compared to the one between CW and BI waters. This can be attributed
to the effect of nature of CNOM on its degradation profile.
According to the abovementioned pseudo first order kinetic expression, and because of the
similarity in the CNOM nature of SR water used, one may expect to observe proportional
reduction in for the synthetic waters. However, predicting the real impact of a single parameter
in a complex reaction environment such as UV/H2O2 is not straightforward. The change in the
initial UV absorbance at 254 nm will affect the generation of OH radicals. Moreover, CNOM
competes with H2O2 in scavenging UV; therefore, lower levels of CNOM leads to greater
photolysis of H2O2 and thereby OH radical generation. On the other hand, more organic
molecules get the chance to react with OH radicals and the UV (Sarathy et al., 2009). Therefore,
a complex combination of these impacts will determine the final CNOM (i.e., UV254) profile
change.
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Figure 6.3: Impact of UV/H2O2 treatment on UV254 profile of SR water with different TOC
concentrations.
Figure 6.4 demonstrates the effect of UV/H2O2 treatment process on the TOC profile of the
synthetic water. As illustrated, TOC did not show considerable reduction during the course of the
treatment for both concentrations of NOM. This is consistent with previous data of CW and BI
water as well as the data in the literature (Sarathy, 2009). In fact, organic carbon is partially
oxidized within the applied condition of UV/H2O2 treatment; hence no significant reduction in
TOC is expected. The synthetic water with 10 ppm TOC showed 10% reduction, while the SR
water with lower concentration (i.e., 5 ppm) showed 20% reduction in TOC over the treatment
time. This is in agreement with the previous data on UV254 profile indicating reduction in the
efficacy of the process as the NOM concentration increases. Increase in UV254 of water results in
stronger UV shielding effect that in turn leads to lower break down of H2O2, and hence lower
generation of OH radicals.
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Figure 6.4: Impact of UV/H2O2 treatment on TOC profile of SR water with different TOC
concentrations.
6.3.2 Impact of alkalinity
To examine the effect of alkalinity, SR water with 5 and 10 ppm TOC was amended with
additional alkalinity (i.e., 50 and 150 ppm) and underwent UV/H2O2 treatment. The pH did not
need to be adjusted as it was within the natural range as a result of NaHCO3 dissociation. Figure
6.5 shows the impact of UV/H2O2 treatment on UV254 profile of SR water with TOC of 5 ppm at
different alkalinities (0, 50 and 150 as mg/L of CaCO3) and initial H2O2 dose of 10 ppm.
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Figure 6.5: UV254 profile of SR water during UV/H2O2 treatment, [H2O2] ~10 ppm.
As demonstrated, a slightly smaller reduction of CNOM was observed for the synthetic water as
alkalinity increased. This is because the presence of alkalinity (mostly carbonate species)
competes with organic molecules in scavenging OH radicals. However, the overall scavenging
impact of carbonate species is not substantial. The reduction in UV254 is 33% for raw SR water
while it is 30% and 26% for SR water with alkalinities of 50 and 150 ppm (equivalent CaCO3).
This difference may be explained based on the concentrations of organic matter and carbonates
as well as their reaction rate constants with OH radical. Buxton et al. (1988) reported the rate
constant for the reaction between CO3-2 and OH radical as 3.9E8 L mol-1s-1 (6.5E3 L mg-1s-1) and
Westerhoff et al., (2007, 1999) and Goldstone (2002) have reported the reaction rate between
OH radical and TOC to be about 1.5E4 L mg-1s-1. Therefore, in addition to the governing
concentration of NOM, its reaction rate with OH radicals is also 10 times higher in comparison
with carbonate species. Therefore, concentration of NOM and its reaction rate constant with OH
radicals have the influential impact on the CNOM degradation profile.
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One notable point is the distinction between the CNOM results with and without alkalinity at
higher UV fluences. This can be correlated to the degradation of CNOM during the treatment
hence, providing more opportunity for other species to react with OH radicals. This magnifies
the effect of alkalinity as there will be less organics for them to compete with in scavenging OH
radicals.
Figure 6.6 demonstrates the TOC results for SR water with TOC~5ppm at different alkalinities.
The presented data also agree with the findings for the UV254 profile. As expected TOC does not
change significantly over the treatment and the presence of alkalinity diminishes the TOC
reduction rate. The TOC of the SR water without alkalinity showed 24% reduction during the
treatment while SR water with alkalinities of 50 and 150 ppm showed 22% and 20% reduction,
respectively. This observation confirms the role of alkalinity in scavenging OH radicals, thereby
reducing the efficacy of the process.
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Figure 6.6: Impact of alkalinity on the TOC profile of SR water with [TOC]0 ~5ppm
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6.3.3 Impact of UV/H2O2 process on molecular weight distribution of CW NOM
Figure 6.7 demonstrates the impact of UV/H2O2 treatment on the AMW distribution of organic
matter present in Capilano water. As illustrated, the original HPSEC chromatogram of CW with
no treatment (i.e., UV fluence 0 mJ/cm2) consists of a large, early peak followed by smaller, later
eluting peaks indicating the molecular weight distribution of the organic matter. As the UV
irradiation progressed (i.e., UV fluence increased), the leading edge and the first peak reduced in
size significantly while the second peak reduces to a lesser extent. The third peak seemed to
increase slightly in size at fluences between 500 and 1500 mJ/cm2, followed by a decrease at
fluences greater than 1500 mJ/cm2. Finally, the last two peaks representing lower molecular
weight organics increase in size after UV/H2O2 treatment at all UV fluences. The increase in the
latter peaks is correlated with the production of smaller organic molecules (i.e., AMW < 500
Da). As can be seen, the total area under the HPSEC chromatograms decreased with the extent of
the UV/H2O2 treatment. This was represented earlier by the reduction in UV254 (Figure 6.1) and
therefore, has not been reported here. Sarathy and Mohseni (2007) also demonstrated that
reduction in aromaticity (i.e., UV254) is accompanied by reduction in the amount of higher
molecular weight NOM, that in turn leads to the formation of smaller organic molecules such as
aldehydes, ketones, and carboxylic acids (Thomson et al., 2004; Sarathy, 2009).
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Figure 6.7: HPSEC chromatogram of AMW of NOM for UV/H2O2 treated Capilano water
Figure 6.7 demonstrates a typical HPSEC chromatogram of CNOM consisted of aggregation of
peaks without a clear resolution. In order to quantify the changes in the apparent molecular
weight, the observed chromatograms were deconvoluted into a number of Gaussian peaks using
PeakFit v4.12 software in a similar fashion presented by Sarathy and Mohseni (2007). HPSEC
data were imported into PeakFit and were deconvoluted using the settings presented in the Table
6.3.
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Table 6.3: Settings used in deconvolution of HPSEC chromatograms
Parameter

Function/Value

Deconvolution

Autofit Peak III Deconvolution

Peak type

extreme value 4 parameter tailed (Eval4)

Gaussian response width 20 seconds
Frequency domain filter

60%

Rejection threshold

3%

R2 of the fit

≥0.97

These settings were selected based on the R2 of the fit and yielded a R2 > 0.97 for all peak fitted
chromatograms. Afterward, the areas and the average retention times of the resolved peaks were
used along with a calibration equation, obtained from the standards (see Appendix B) to quantify
the changes in the molecular weight distribution of organics during each set of analyses.
The analysis revealed that 49% of the Capilano water NOM consisted of organic molecules with
AMW greater than 1500 Da, while organic molecules with molecular weight less than 500 Da
made up only 11% of the total. As shown in Figure 6.8, with an initial H2O2 concentration of 10
mg/L, as the UV exposure (i.e., fluence) increased, a large reduction in higher AMW CNOM
(i.e. AMW> 1500 Da) was observed: 36%, 54%, 65% and, 75% reductions in for the UV
fluences of 500, 1000, 1500, and 2000 mJ/cm2,respectively. Similar reduction trends were
observed for other molecular weight categories with AMW larger than 500 Da. Meanwhile,
smaller AMW CNOM (AMW< 500 Da) increased in concentration: 17%, 22%, and 12%
increase for fluences up to 1500mJ/cm2. However, at fluences greater than or equal to 1500
mJ/cm2, AMW was further reduced. This reduction is also demonstrated in Figure 6.7 where
later peaks of the chromatograms for fluences larger than 1000 mJ/cm2 start to reduce in size.
This reduction in higher molecular weight organics and associated formation of smaller organic
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molecules led to a shift in molecular size distribution from the one with a majority of large
species to a more even smaller molecular weight distribution after UV/H2O2 treatment (Sarathy,
2009). Therefore, from the HPSEC chromatograms and the quantified graph, it was observed that
•OH, generated within the UV/H2O2 treatment, preferentially react with larger molecular weight
CNOM resulting in increase in lower molecular weight organics (Figures 6.7 and 6.8). This also
could be attributed to CW NOM high aromatic character as indicated by the high SUVA of about
4.2 L mg-1 m-1 and its considerable reduction (i.e., 35%) during the treatment.

0.16

0mJ/cm²
500mJ/cm²
1000mJ/cm²
1500mJ/cm²
2000mJ/cm²

0%

0.14

Area count

0.12
0.10
0.08
0.06

-36%
-54%

0%

-65%
-75%

0.04

-17%
-28%
-39%
-56%

0%
-2%
-4%
22%
-12%
-29% 17% 12%
0%
-5%

0.02
0.00
>1500

1000-1500
500-1000
Molecular Weight (Daltons)

<500

Figure 6.8: Impact of UV/H2O2 treatment on apparent molecular weight distribution of NOM in
Capilano water.
6.3.4 Impact of UV/H2O2 on molecular weight distribution of BI NOM
Figure 6.9 shows the impact of UV/H2O2 treatment process on molecular weight distribution of
the organic matter present in Bowen Island water. Similar to CW water, a decrease in the areas
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under the chromatograms was observed as the UV/H2O2 treatment progressed. This observation
is in agreement with the change in the UV254 profile (See Figure 6.2).
As shown in Figure 6.9, the original HPSEC chromatogram of BI with no treatment (i.e., fluence
0) consists of a large, single early peak followed by relatively smaller, aggregation of peaks. The
early large single peak was found to be recalcitrant to the applied treatment conditions (i.e.,
[H2O2] = 10 ppm, UV fluence up to 2000 mJ/cm2). To further assess the nature of molecules
associated with this peak, extended treatment (i.e., UV fluence up to 8000 mJ/cm2, data not
shown) was applied on BI water sample. As a result, the early large peak was removed with the
extended UV/H2O2 treatment indicating the organic nature for the molecules associated with the
abovementioned peak. For the other organic constituents in BI water, UV fluences greater than
or equal to 500mJ/cm2 resulted in increasing the peaks associated with the smaller size organics
(i.e., AMW < 500 Da) increased slightly in size, illustrating the generation of smaller molecules
within the treatment process.
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Figure 6.9: Impact of UV/H2O2 treatment on the molecular weight distribution of Bowen Island
NOM.
Similar to CW water, PeakFit software was used to disintegrate the chromatograms into single
peaks in order to better investigate and quantify the impact of the UV/H2O2 treatment on the
molecular weight distribution of NOM. Identical settings to the one applied for the CW water
was used and the results are shown in Figure 6.10.
As demonstrated in Figure 6.10, the highest reduction is seen for the portion related to molecules
with 1000-1500 Da which corresponds to the second largest peak in the HPSEC chromatogram.
The data representing organics with AMW > 1500 Da are mainly related to the large single peak,
which was found to be recalcitrant to UV/H2O2 treatment. This could also be seen from the low
reduction in the amount of organics as presented in Figure 6.10. For the smaller organic
molecules (AMW < 500 Da), it is observed that with further treatment (i.e., UV fluence > 500
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mJ/cm2) the reaction rate with OH radicals leads to the production of smaller molecules; hence,
little reduction is observed for smaller organic molecules.
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Figure 6.10: Impact of UV/H2O2 treatment on molecular weight distribution of BI water.
6.3.5 Impact of UV/H2O2 on molecular weight distribution of SR NOM
Figure 6.11 shows the HPSEC chromatograms obtained for the synthetic water with 5ppm TOC.
One notable point is the molecular weight distribution of SR NOM which mostly consists of high
molecular weight organic compounds. Therefore, OH radicals generated in the process will be
reacting primarily with larger organics to breakdown the conjugated double bounds. As can be
seen, a significant reduction was observed for the UV260 nm absorbing compounds, especially
for those with higher molecular weight. The peaks appearing at longer retention time, and
representing relatively lower molecular weight organics increased during the UV/H2O2
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treatment. This again indicates the breakdown of larger organic molecules to relatively smaller
organic molecules.
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Figure 6.11: HPSEC chromatograms for the SR NOM (5ppm TOC) treated with UV/H2O2
process.
Figure 6.12 shows the HPSEC chromatograms for the same SR water (i.e., 5 ppm TOC) with
added alkalinity (to 50 and 150 ppm as CaCO3). The obtained chromatograms clearly
demonstrate the effect of alkalinity on the removal of CNOM (in particular high molecular
weight CNOM) during UV/H2O2 treatment. As shown, species comprising alkalinity (mostly
carbonate species) scavenge OH radicals leading to lower degradation of CNOM during the
treatment. This will in turn lead to lower generation of smaller organic molecules. Similar results
were obtained for SR with higher TOC (i.e., 10 ppm) and are presented in Appendix C. As can
be seen, there is no significant difference between the chromatograms representing SR water
with 50 and 150 ppm of alkalinity. This is in agreement with previous data for UV254 and TOC
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where no tangible difference was observed with the increase of alkalinity. This can be mainly
attributed to the dominant influence of NOM concentration and its reaction rate with OH radicals
in controlling the overall CNOM degradation rate.

-1
UV absorbance @ 260 nm (cm )

0.012
UV0-Alk 0
UV500-Alk 0
UV1000-Alk 0
UV1500-Alk0
UV2000-Alk 0
UV0-Alk 50
UV500-Alk 50
UV1000-Alk 50
UV1500-Alk 50
UV2000-Alk 50
UV0-Alk 150
UV500-Alk 150
UV1000-Alk 150
UV1500-Alk 150
UV2000-Alk 150

0.010
0.008
0.006
0.004
0.002
0.000
360

420

480

16508

6273

2383

540
600
Retention Time (s)

905

344

660

720

131

50

Apparent Molecular Weight Distribution (Daltons)
Figure 6.12: HPSEC chromatograms for SR water with TOC~5 ppm and different alkalinities
Figure 6.13 shows the data obtained after deconvoluting the HPSEC chromatograms of the SR
water with initial TOC of 5 ppm and no alkalinity over the course of treatment with UV/H2O2.
As previously mentioned, a large portion of the organic molecules in SR NOM belongs to the
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higher molecular weight organic category. As a result, significant reduction is observed in almost
all the AMW categories except for AMW< 500 (Da) where some increases were observed for the
organic molecules, further supporting the formation of smaller organic molecules. This is in
agreement with the data shown earlier on natural waters, confirming that OH radicals
preferentially react with larger organics leading to the formation of smaller ones. Moreover, it
can be concluded that, at higher fluences of UV (i.e., extended treatment) smaller molecules also
start to decrease indicating that their rate of consumption dominates their rate of production.
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Figure 6.13: Impact of UV/H2O2 treatment process on molecular weight distribution of SR NOM
(TOC~5ppm, no alkalinity).
6.4

Impact of UV/H2O2 Process on AOC of Natural Waters

The modified assimilable organic carbon (AOC) bioassay, presented in Chapter 5, was used to
study the change in the AOC profile of water during the UV/H2O2 treatment. Residual H2O2 was
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removed from the UV/H2O2 treated water using Catalase immobilized on SEPABEAD® and
subsequent steps were applied to prepare the samples and analyze them for AOC.
Figure 6.14 shows the average AOC measured after each UV/H2O2 treatment for three
independent experiments for both Capilano (CW) and Bowen Island (BI) waters.
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Figure 6.14: Impact of UV/H2O2 treatment on the AOC profile of Capilano and Bowen Island
waters.
For both CW and BI waters, the amount of AOC increased as the UV/H2O2 treatment
progressed. This indicates the production of more readily available organic molecules for
degradation/consumption by bacteria. Raw Bowen Island water showed to have a higher AOC in
comparison with Capilano water. This can be attributed to the higher TOC of Bowen Island (i.e.,
~5 ppm). Moreover, AOC has increased about 5.6 and 2.36 times for Capilano and Bowen Island
waters, respectively, over the course of treatment, indicating the formation of more
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biodegradable organics during the UV/H2O2 treatment of Capilano water. The findings on the
SUVA profile of these waters (i.e. CW and BI) as demonstrated in Figure 6.15 could be used to
explain the data on AOC. SUVA of CW showed to decrease 35.5% from its initials value
whereas data on BI water indicated 29.5% reduction in the amount of SUVA over the course of
treatment. This indicates higher fractional conversion of aromatic double bounded compounds in
the CW NOM than the ones in BI NOM. Therefore, it is hypothesized that SUVA and AOC data
from the UV/H2O2 treatment could have a positive but inverse correlation.
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Figure 6.15: SUVA profile of natural waters during UV/H2O2 treatment
A general and interesting observation is that the overall AOC trend shows increment throughout
the UV/H2O2 treatment process. As previously demonstrated in Figures 6.8 and 6.10, at UV
fluence of 2000 mJ/cm2, the entire molecular weight categories show reduction; however, from
the data presented in Figure 6.14, AOC still shows increment even at this fluence. This
observation can be attributed to two major reasons. First, parameters indicating physiochemical
properties

such

as

UV254

or

HPSEC

chromatograms

cannot

provide

accurate

prediction/indication on biological degradability of organic matter. Second, there are some
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biodegradable small molecules/species present in water which cannot be detected by HPSEC or
other techniques relying on spectrophotometric properties of water. HPSEC depends entirely on
the absorption of organic molecules at UV 260 nm, so it would not detect organics that do not
absorb light at this wavelength.
Data presented in Figures 6.8 and 6.10 indicate a reduction in all the molecular weight
categories, except the fraction with AMW< 500 Da, after the UV fluence of 500 mJ/cm2.
However, as shown in Figure 6.14 the amount of AOC increased considerably (by about 2-3
times) for both Capilano and Bowen Island water at UV fluence of 500 mJ/cm2. This indicates
that smaller organic molecules are not the only portion of NOM contributing to AOC formation.
This is in agreement with the observation reported by Hem and Efraimsen (2001) who reported
that organic molecules from all size categories contribute to the overall AOC formation, even
though smaller molecules may play a more dominant role. Therefore, it can be concluded that
the biodegradability of organic matter increases with the extent of UV/H2O2 treatment. Similar
observation has also been reported by Toor (2005) where it was found that application of AOPs
enhances the biodegradability of organic matter over the course of treatment.
To better understand the fate of AOC over the course of treatment with UV/H2O2, extended
treatment was applied to CW and BI waters and biodegradability of NOM was examined. Figure
6.16 shows the AOC for Capilano and Bowen Island waters under the extended UV/H2O2
treatment. As demonstrated, AOC profile for both waters reached a plateau for UV fluences
between 2000 mJ/cm2 and 4000 mJ/cm2. This likely indicates equilibrium between the rates
generation and degradation of smaller organic molecules with OH radicals. For UV fluences
higher than 3000 mJ/cm2, AOC profiles of both waters started to decline, indicating the overall
net degradation of smaller organics. However, further treatment (i.e., beyond 4000 (mJ/cm2))
needs to be studied to investigate the fate of AOC profile over the treatment.
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Figure 6.16: Impact of extended UV/H2O2 treatment on AOC profile of natural waters.
6.5

Impact of UV/H2O2 Process on AOC of Synthetic Waters

Synthetic water was used with different NOM concentrations and alkalinities to better
understand the AOC trend over the UV/H2O2 treatment. Figure 6.17 shows the AOC results for
synthetic water at two different NOM concentrations (5 and 10 ppm as TOC) treated with initial
[H2O2] ~10ppm and UV fluences up to 2000 mJ/cm2. The pH of the original synthetic water was
5.3 and 3.68 for TOC of 5 and 10 ppm, respectively. Preliminary experiments showed inhibition
in bacterial growth at acidic pH. Therefore, pH was amended to 6.9~7 by adding NaOH to the
synthetic water sample. Note that this step was not necessary when alkalinity (i.e., NaHCO3) was
added, since dissolution of NaHCO3 led pH to stabilize in the neutral range (7.0-7.5).
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Figure 6.17: AOC formation for synthetic water (with SR NOM) during the treatment with
UV/H2O2 at two different initial TOC concentrations.
As demonstrated in Figure 6.17, the initial AOC values measured for the synthetic water are
proportional to their relevant TOC amount. The AOC of the synthetic water with TOC~ 5 ppm
was increased about 4.3 times from its initial value while the SR water with TOC~ 10 ppm
showed 3.3 fold increases from its original amount. This is similar to the AOC data on the
natural waters as was presented in Figure 6.14. Therefore, one could attribute the lower
percentage increase in the SR water with higher NOM concentration to the shielding and
scavenging effects of NOM which reduces the number of generated OH radicals as well as
interactions/reactions between OH radical and organic matter. This would in turn affect the
percent conversation of organics and the formation of AOC.
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However, despite the similarities between SUVA values of the CW and SR, they did not show
similar behavior in AOC increase when underwent UV/H2O2 treatment. To better explain this
phenomenon one should look at the AMW distribution of NOM in both waters. As was
demonstrated in Figures 6.7 and 6.11, the SR NOM is mainly consisted of very large organic
molecules (AMW > 2000 Da) whereas; CW NOM is comprised of relatively medium to small
organics (AMW~ 1500-500 Da). Therefore, it is hypothesized that the AMW distribution of
organic matter can potentially affect the formation of AOC during the treatment. OH radicals
generated within the process are mainly scavenged by larger organic molecules leading to their
breakdown into smaller species. Therefore, depending on how large the primary organic
molecules are, the AOC profile can be influenced.
Figure 6.18 illustrates the effect of alkalinity on the AOC profile of the SR water with initial
TOC~ 5ppm. As previously mentioned, the pH of SR increased to the neutral range (i.e., 7.0-7.5)
as a result of dissolving NaHCO3, thus the solution was not amended at this stage. For a given
level of UV/H2O2 treatment, lower values of AOC were formed in the presence of alkalinity.
Also, the higher was the alkalinity; the lower was the amount of AOC formed. The findings here
were expected since carbonate species comprising alkalinity compete with NOM in scavenging
OH radicals, thereby lower the amount of smaller organic molecules formed during the UV/H2O2
treatment. It is of course difficult to accurately describe/predict the behavior of a complex system
such as the UV/H2O2 process which involves many reactions and the influencing parameters
(See Table 3, Equations 1-10 in Appendix A). Nevertheless, it is sufficed to say that, a
proportional change would not be expected with changes in alkalinity, because the process
involves various reactions which are linked together. Additional data obtained with the SR water
with 10 ppm showed similar findings (data are presented in Appendix C).

110

300
5 ppm- 0 Alk
241.80

5 ppm- 50 Alk

250

212.44

AOC (µg/L)

5 ppm- 150 Alk
200

180.57

150
100

125.72
104.10
93.68

145.48
136.48

164.91
157.39

194.80
181.67

58.16
56.10 58.89

50
0
0

500

1000
1500
UV Fluence (mJ/cm2)

2000

Figure 6.18: Impact of UV/H2O2 on AOC of SR water with TOC~ 5 ppm and different
alkalinities.
6.6

Biodegradable Organic Carbon (BDOC) versus AOC after UV/H2O2 Treatment of
Natural Waters

Huck et al., (1990) suggested utilizing AOC as an indicator of bacterial regrowth and BDOC as
an indicator of disinfection by-product formation potential. Servias et al. (1995) and Volk et al.
(1994) proposed BDOC as a factor indicating biological stability of water. Hence, it is a frequent
practice for water utilities, monitoring biostability of water, to measure both AOC and BDOC
(Escobar and Randall, 2001). However, it would be far more desirable to only use one technique
to quantify biological stability of water, so that significant saving could be made on time and
resources associated to run both assays.
As a result, some experiments were carried out to measure BDOC on the UV/H2O2 treated
natural waters (i.e., CW and BI) to investigate the relationship between AOC and BDOC.
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UV/H2O2 treatment experiments were performed at UBC and samples were quenched of H2O2
and then were sent over night @ 4°C to Ecole Polytechnique de Montreal for BDOC analysis.
BDOC tests were performed at research, development and validation center for water treatment
technologies and processes (CREDEAU) (Dr. Barbeau’s lab).
Figures 6.19 and 6.20 demonstrate the correlations between BDOC and AOC profiles for
Capilano and Bowen Island waters over the course of the treatment. As is observed, the results
obtained for both waters indicate meaningful correlations between AOC and BDOC (R2=0.96
and 0.98). However, different correlations are attained for the two waters examined in here. This
can be attributed to the difference in the nature of the NOM that undergoes UV/H2O2 treatment.
Therefore, further research on various type of water quality will be value to better understand the
correlation between AOC and BDOC.
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Figure 6.19: BDOC vs. AOC for UV/H2O2 treated Capilano water.
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Figure 6.20: BDOC vs. AOC for UV/H2O2 treated Bowen Island water.
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Figure 6.21: BDOC vs. AOC for UV/H2O2 treated natural water (CW and BI).
Figure 6.21 presents all the data showing the relationship between AOC and BDOC for both
waters. Overall, there is clear and direct correlation between AOC and BDOC for the waters that
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underwent UV/H2O2 treatment. One possible explanation can be the similarity in the nature of
the assays employed in this study (i.e. BDOC and AOC) in which natural consortium is used as
the inoculum. However, the incubation time, incubation temperature and the measurement
techniques are different. Of course examining different waters under different treatment
strategies will help to collect more data and to draw a more concrete conclusion about any
possible correlation between BDOC and AOC. However, the question remains whether such
correlation could be extrapolated to other waters with different NOM, especially because there
has been little prior data reported in the literature. On the contrary, Kaplan et al. (1994) and
Escobar and Randall (2001), investigating the profile of AOC and BDOC for different waters
and also for different treatment alternatives, concluded that no clear correlation could be
extracted for AOC and BDOC. Escobar and Randall (2001) recommended that both AOC and
BDOC be evaluated in monitoring biological stability of water. It should be noted that AOC is a
more sensitive parameter directly indicating the regrowth potential whereas BDOC is a less
sensitive (lower detection limit) parameter used to quantify biodegradable carbon available for
bacterial regrowth. Given the initial results obtained in this research, it is recommended that
more AOC and BDOC data be gathered on other source waters undergoing treatment with
UV/H2O2 oxidation, before any final conclusion could be drawn.
In this regard, and to better understand the relationship between AOC and BDOC another set of
experiments were conducted in collaboration with Ecole Polytechnique de Montreal, studying
the AOC profile of a river water undergoing multistage treatment in a pilot plant, consisting of
GAC filtration, Ozonation and Membrane filtration. Samples were sent to UBC overnight @ 4°C
and were analyzed for AOC the next day. The results were then compared with those obtained
for UV/H2O2 treated water.
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Figure 6.22: Comparison of BDOC vs. AOC for UV/H2O2 treated water and pilot plant study; (•)
UV/H2O2 treated water, (○) pilot plant treated water.
Figure 6.22 shows the results for UV/H2O2 treated water along with the data obtained from the
pilot plant study. For each set of scattered data, there is a positive and meaningful correlation
between AOC and BDOC; however, the correlations are statistically different from one another.
The dashed lines represent the linear regression between the data, and the dotted lines show the
95% confidence intervals for the regression equation. To examine the statistical differences of
these two trends, the errors associated with the estimation of the coefficients with 95% of
confidence are presented in Table 6.4.
Table 6.4: Coefficients of the linear regression equations for the correlation between BDOC and
AOC correlation (BDOC=a × AOC +b, Errors represent ± 95% confidence limits).
Treatment/ Coefficient a

b

Pilot treatment plant

0.0034±0.0010 0.0485±0.1038

UV/H2O2 treatment

0.0055±0.0008 -0.0908±0.1212
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According to Table 6.4, no overlap was observed for the slopes of the regression lines for the
two different studies. Hence, it can be concluded that these two correlations are significantly
different from one another at 95% confidence level. However, the b coefficients did show
overlapped as it is also demonstrated in the figure 6.22. Further statistical calculations also
demonstrated that b values are not statistically significant from zero (See Appendix D).
Therefore, one can argue that the correlation between BDOC and AOC can be in the form of
BDOC=a*AOC rather than BDOC=a*AOC+b. More information regarding the correlation
between AOC and BDOC (considering b=0) is provided in Appendix D.
Overall, meaningful correlations were observed between AOC and BDOC in all the cases. This
is in contrast with the previous reports by Kaplan et al. (1994) and Escobar and Randall (2001).
6.7

Highlights and Remarks

This chapter investigated the impact of UV/H2O2 treatment process on AOC and BDOC of
waters with different qualities.
AOC was shown to increase within the commercial UV/H2O2 treatment conditions (i.e., UV
fluence up to 2000 mJ/cm2). However, with further treatment AOC reached a plateau and started
to decline afterward. That being said, further experiments with more extended time are required
to obtain a complete profile of fate of AOC during UV/H2O2 treatment.
Smaller organic molecules were found as the portion most contributing to AOC. However, data
obtained indicated that other molecular weight categories also support the bacterial growth.
One interesting observation was regarding the AOC profile of BI and SR waters with similar
TOC contents. Although the initial AOC values were in the same range for both water but
different AOC trends were obtained when they underwent UV/H2O2 treatment. This
116

phenomenon can mainly be attributed to the AMW distribution of NOM in these waters. SR
water is mainly consisted of very large organic molecules which are relatively harder to
breakdown by OH radicals. As a result, lower degradation of organic matter takes place in SR
water in comparison with BI water.
Presence of alkalinity was shown to compete with NOM in scavenging OH radicals hence
diminishing the production of smaller molecules, and AOC.
Positive and meaningful correlations were observed between BDCO and AOC of different water
that underwent different treatments. However, the correlations obtained in this study were shown
to be statistically different, and further data is required to improve the conclusion.

117

7

Coagulation as a Pre-treatment Alternative for UV/H2O2 Advanced
Oxidation Applications

7.1

Introduction

This chapter presents the findings on the impact of Chitosan and Alum coagulations on the
efficacy of UV/H2O2 treatment as well as the finished water quality. NOM behaviour was
studied at different treatment stages by monitoring its physical properties. Also the effect of
coagulation on AOC of finished water after the UV/H2O2 treatment was investigated.
7.2

Selection of the Coagulant

Chitosan and Alum were tested to find the most effective coagulant in terms of TOC and UV254
removal. Figure 7.1 shows the performance of different doses of Chitosan in removing organic
matter. As can be observed, Chitosan was not effective at reducing TOC and UV254. In fact, by
using Chitosan higher amount of TOC and UV254 (except one point) was measured for all the
doses investigated. This can be attributed to the organic nature of the Chitosan which can result
in increase in TOC and UV absorbance of water. According to these results Chitosan was found
to be not suitable for removing organic matter and hence, its application was ruled out from this
work.

118

0.08

2.5
UV254
TOC

2

0.06
0.05

1.5

0.04
1

0.03
0.02

TOC (mg/L)

UV254 absorbance (cm-1)

0.07

0.5

0.01
0

0
0

0.5

1

1.5

2

2.5

3

Chitosan dose (mg/L)
Figure 7.1: Effect of Chitosan applied at different doses on UV254 and TOC of Capilano water
Aluminum sulphate Octadecahydrate (Al2(SO4)3.18H2O) also known as Alum, has been used
widely in water and wastewater treatment facilities and its reaction mechanism is well
understood. In this study, different doses of Alum were applied to Capilano and Bowen Island
waters and TOC and UV254 were measured after each treatment. Coagulation was performed
according to the section 4.5.3. Total organic carbon and UV254 profile were plotted versus the
Alum dose used for both CW and BI waters in Figures 7.2 and 7.3, respectively.
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Figure 7.2: Impact of Alum Coagulation on UV254 and TOC of Capilano water.
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Figure 7.3: Impact of Alum coagulation on UV254 and TOC of Bowen Island water.
The application of alum dramatically decreased the UV254 and TOC for both natural waters.
From Figure 7.2 it can be seen that alum had a significant impact on CW and that alum doses of
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5, 10, and 15 ppm show similar performance in removing organic matters. Given the economical
considerations and the proximity of the amount of UV254 and TOC removed, the alum dose of 5
ppm was selected for further coagulation experiments on Capilano water. The application of
alum with an alum dose of 5 ppm resulted in about 62% and 75% removal of TOC and UV254,
respectively.
In the case of Bowen Island, alum doses of 10, and 15 ppm showed similar performance in
removing UV254 (71% and 78% removal, respectively). However, 15 ppm alum showed to be
more effective at removing TOC (56%) in comparison with the removal achieved from dosing 10
ppm of alum (43%). Hence, alum dose of 15 ppm was selected for subsequent coagulation
experiments on Bowen Island water.
Residual aluminum was measured to ensure that the residual aluminum from application of alum
does not exceed the standard limits (i.e., 0.2 ppm, EPA 2006 Edition of the Drinking Water
Standards and Health Advisories). The concentration of residual aluminum was measured after
coagulation using inductively coupled plasma (ICP) spectroscopy technique and the results for
both waters are presented in Figure 7.4. For Capilano water the residual aluminum exceeds the
standard level for all the applied doses except for 5 ppm (i.e., residual aluminum~0.055 mg/L).
For BI water the residual aluminum after coagulation with 15 ppm of alum was 0.082 ppm that is
below the regulation limits. Therefore, alum doses of 5 and 15 ppm were considered safe in
terms of final aluminum residual and were used for subsequent coagulation experiments on CW
and BI waters.
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Figure 7.4: Residual Aluminum in Capilano and Bowen Island waters after the coagulation with
alum using ICP spectroscopy.
7.3

Impact of Alum Coagulation on Molecular Weight Distribution of NOM

Effect of alum coagulation on molecular weight distribution of NOM was studied for Capilano
and Bowen Island waters using size exclusion chromatography. Figures 7.5 and 7.6 compare the
original raw water chromatograms versus the ones for treated with alum coagulation at different
doses of alum.
Both Figures 7.5 and 7.6 show that, alum coagulation resulted in a significant removal of organic
matter mostly in the large to medium (>500 Da) range of molecular weight organics. However, a
slight decrease was also observed for the small size organic molecules (AMW <500 Da). Results
presented in Figure 7.6 also confirm that alum dose of 15 ppm shows the best performance in
removing organic matter. Moreover, the sharp single front peak present in the BI water was
completely removed after coagulation, confirming the organic nature of the peak. More
interestingly, at very high doses of alum, no further NOM removal was obtained in both waters
indicating the presence of portions of NOM recalcitrant to removal by coagulation. As shown
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there was no tangible reduction in the size of the chromatograms after 10 ppm and 15 ppm doses
of alum used to treat Capilano and Bowen Island, respectively.
These observations are consistent with the findings reported in the literature for the application
of alum. Chong Soh et al., (2008), Van Leeuwen et al. (1999), Drikas et al. (2003), and Chow et
al. (1999) studied the impact of alum coagulation on NOM character and biodegradability, and
concluded that alum removed more of the hydrophobic and higher molecular weight fraction of
NOM, but less of neutral hydrophilic fraction and lower molecular weight organics. Moreover, it
has been found that there is a preferential removal of NOM that absorbs UV indicating the
aromatic NOM.
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Figure7.5: HPSEC chromatogram for Capilano water treated with different doses of alum.
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Figure 7.6: HPSEC chromatogram for Bowen Island water treated with different doses of alum.
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7.4

Combined Alum-UV/H2O2 Treatment of Natural Waters

Capilano and Bowen Island waters were filtered (0.45 µm) and underwent alum coagulation
using the alum doses determined as part of the work presented in section 7.2. After settling, alum
treated water was filtered (0.45 µm) and underwent UV/H2O2 treatment and UV254, TOC,
molecular weight distribution, and AOC were measured.
Figures 7.7 and 7.8 compare UV/H2O2 process with combined alum-UV/H2O2 treatment for
Capilano and Bowen Island waters, respectively. As illustrated in Figure 7.7, alum coagulation
significantly reduces the amount of organic matter present in Capilano water by removing about
50% of the TOC and 73% of the UV254 absorbing organic compounds. In addition, application
of alum resulted in 63% TOC and 80% UV254 reductions for Bowen Island water (Figure 7.8).
Applying UV/H2O2 process after alum coagulation decreased further, however slightly, the
amount of remaining organics. As can be seen in Figures 7.7 and 7.8, the amount of UV254 and
TOC did not change significantly during the oxidation process. This indicates the presence of
recalcitrant organics that cannot be removed easily within the applied condition of UV/H2O2
process. However, one should note that the relative fraction of UV254 absorbing species
eliminated in both treatments (i.e. UV/H2O2 and alum-UV/H2O2) is larger than that of TOC
removed in the same process. This implies that OH radical generated, preferentially reacts with
UV254 absorbing compounds. Alum coagulation removes a considerable portion of NOM
mainly from large to medium molecular weight organics. Therefore, the remainder portion of
NOM is mainly smaller organics that are more susceptible to react with OH radicals. Given that,
one can expect larger reduction in UV254 as a result of absence of lager organics. However,
interestingly lower reduction in the amount of TOC is observed for the alum treated water when
it underwent UV/H2O2 process. The reason of this phenomenon was not concluded. That being
said, one can still hypothesize that the structure of NOM after coagulation is mainly consisted of
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UV254 absorbing compounds with very small molecular weights. Therefore, the change in the
amount of UV254 has a lower contribution to the TOC.
Table 7.1 compares the amount of TOC and UV254 removal within each of UV/H2O2 and
combined processes for two natural waters used in this study.
Table 7.1: Comparison of the effectiveness of UV/H2O2 and combined Alum-UV/H2O2 processes.
Capilano Water

Bowen Island Water

UV
Reduction

TOC
Reduction

SUVA
Reduction

UV
Reduction

TOC
Reduction

SUVA
reduction

UV/H2O2

52%

26%

35.4%

38%

12%

29.4%

AlumUV/H2O2

66%

18%

58.4%

52%

8%

46.8%
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Figure 7.7: Impact of the pretreatment process on the efficacy of the UV/H2O2 treatment process.
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Figure 7.8: Impact of the pretreatment process on the efficacy of UV/H2O2 treatment process.
Figures 7.9 and 7.10 demonstrate the impact of combined alum-UV/H2O2 treatment on the
molecular weight distribution of NOM for two natural waters (i.e., CW and BI) used in this
study. As demonstrated, the extent of UV/H2O2 treatment beyond the UV fluence of 500
(mJ/cm2) was not beneficial when alum coagulation was applied ahead of the oxidation process.
That is, no significant reduction in the size of the peaks was observed for UV fluences greater
than 500 (mJ/cm2). This observation confirms the previous data on TOC and UV254 profiles,
indicating the presence of recalcitrant organic matters that could not be eliminated within the
range of applied UV fluences of up to 2000 mJ/cm2. Nonetheless, it is important to highlight the
lower amount of the energy required to achieve a certain level of target contaminant removal
because of the absence of NOM scavenging effect. In other words, the higher quality of water
allows for better utilization of OH radicals towards target contaminants in water. Therefore,
pretreatment could be potentially influential in preserving energy while improving the overall
removal efficiency.
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Figure 7.9: Impact of combined Alum-UV/H2O2 treatment on AMW of CW NOM
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Figure 7.10: Impact of Alum-UV/H2O2 combined treatment on AMW of BI NOM
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7.5

Impact of Alum Pre-treatment on the Efficacy of the UV/H2O2 Treatment

Data obtained from UV/H2O2 treatment along with those of the combined treatment clearly
indicated that the application of alum significantly reduces the concentration of high molecular
weight NOM, and improves the efficacy of the UV/H2O2 process. This in turn reduces the
concerns associated with the formation of by-products during the oxidation process (i.e., DBPs,
aldehydes, etc.). With the concentration of NOM and hence, less scavenging of OH radicals,
target compounds can be removed more effectively with little concerns associated with the
generation of undesirable by-products. More importantly, this helps conserve considerable
amount of electrical energy used by the UV energy. Another economical benefit is the lower
consumption of hydrogen peroxide which is an expensive reagent during the treatment (Toor,
2005). However, one may argue that the overall cost of coagulation (coagulation, flocculation,
and sedimentation) is also high. Although it should be noted that the findings in here can be
potentially of interest for those facilities that are have coagulation process in place. Therefore,
applying UV/H2O2 process can be a viable alternative to increase their water quality.
Table 7.2 compares the amount of H2O2 consumed during the UV/H2O2 process (up to the UV
fluence of 2000 mJ/cm2) with the initial H2O2 concentration of 10 ppm. As demonstrated,
utilizing alum coagulation resulted in significant reductions in the amount of H2O2 consumed
during the UV/H2O2 treatment (i.e., by about 37.5% for CW and 50% for BI).
Table 7.2: H2O2 consumption during UV/H2O2 treatment with and without pretreatment.
H2O2 consumption
Source water

Without pre-treatment With pre-treatment

Capilano Water

16%

10%

Bowen Island Water

36%

18%
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7.6

Impact of Combined Alum-UV/H2O2 Treatment on AOC of Natural Waters

Application of alum was effective at removing a significant portion of organic matter mainly in
the range of lager to medium size organic molecules. Therefore, utilization of alum ahead of the
UV/H2O2 treatment could potentially reduce the amount of organics that react with OH radicals,
generating smaller more biodegradable organic molecules.
To examine the impact of coagulation on the AOC profile of downstream water, experiments
were performed with the combined alum-UV/H2O2 process. To avoid any organic contamination,
alum stock solution was also prepared in an AOC free bottle. Alum treated water was filtered
(0.45 µm pre-rinsed filter) and underwent different UV treatments (fluences of up to 2000
mJ/cm2) with initial H2O2 concentration of 10 ppm.
Figures 7.11 and 7.12 demonstrate the effect of coagulation on the AOC profile of Capilano and
Bowen Island waters. As expected, the AOC of CW and BI waters decreased significantly as a
result of alum treatment. The reduction was more significant for the Bowen Island water, this
being largely ascribed to the elimination of the large single eluting peak that represent high
molecular size organics in the HPSEC chromatogram. Nonetheless, the application of UV/H2O2
on the pretreated water still showed to increase the AOC. This indicates that the portion of NOM
(mostly of lower molecular weight nature) not removable by coagulation has the potential to
support microbial growth. Similar observations were also reported by Chong Soh et al. (2008)
and Liang and Ma, (2009) in which biodegradability of the alum treated water were assessed
after alum coagulation.
One notable point in Figures 7.11 and 7.12 is the rate of AOC change for alum treated waters
over the course of UV/H2O2 treatment. After UV fluence of 1000 mJ/cm2, the AOC profile
shows a lower increment and approaches a plateau. This can be attributed to the equilibrium in
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the rates of production of smaller biodegradable organic molecules and their degradation with
OH radical. Figure 7.11 also shows that AOC of CW starts to reduce slightly after the UV
fluence of 1500 mJ/cm2. A likely and plausible explanation is that at this fluence, the degradation
rate of organic molecules dominates the production rate; hence, an overall decrease in the
amount of small biodegradable organic molecules is observed.
As demonstrated in Figures 7.11 and 7.12, both alum treated CW and BI waters showed higher
percentagewise increase in the amount of AOC in comparison with raw waters. This is similar to
the previous data that was presented in chapter 6. As discussed earlier, this can be mainly
attributed to higher number of interactions between OH radicals and organic molecules at lower
concentration of NOM, thereby higher AOC production. Another noteworthy point is related to
the greater potency of the remainder BI NOM in supporting microbial growth than the CW
NOM. As can be seen, AOC of the pretreated CW water increased by about 7 times up to UV
fluence of 2000 mJ/cm2 and then started to decline afterwards. However, the AOC of pretreated
BI water showed increases of about 12 times from its initial value over the course of the
treatment. This can be attributed to the presence of more susceptible organic molecules to react
with OH radicals, in the pretreated BI water. Therefore, the remaining NOM can easily
breakdown into smaller organic molecules readily assimilable by the bacteria, during the
UV/H2O2 treatment.
Figure 7.13 shows the molecular weight distribution of NOM for raw CW and BI waters, alum
treated water, and after UV fluence of 2000 (mJ/cm2). As demonstrated, alum treated BI water
has a higher amount of organic molecules in the range of low-medium molecular weights (AMW
< 1000 Da) in comparison with alum treated CW. This might explain the higher amount of AOC
generated during UV/H2O2 treatment of alum treated BI compared to alum treated CW. Indeed, it
is hypothesized that the availability of higher amounts of smaller organic molecules in alum
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treated BI lead to generation of higher amount of AOC. Moreover, the nature of BI and CW
NOM are different from one another and hence different behaviors could be observed with
respect to their biodegradability at identical conditions.
That being said, as it was discussed earlier in this chapter, HPSEC chromatograms cannot ideally
reflect all the characteristics of NOM. Therefore more extended investigation on various types of
waters is required to better understand the fate of AOC with respect to the organic carbon
concentration and its molecular weight distribution.
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7.7

Highlight and Remarks

The potential of using a pre-treatment process ahead of the UV/H2O2 treatment was evaluated in
this chapter.
Alum coagulation was shown to be effective in removing a substantial portion of large to
medium weight organic molecules. This in turn leads to a considerable increase in the efficacy of
the UV/H2O2 process in elimination of the target compounds. Moreover, significant (about 75%)
electrical energy can be preserved and concerns with undesirable by-products can be reduced.
Elimination of a large portion of NOM by application of alum ahead of the UV/H2O2 treatment
showed to be very effective in reducing the AOC to about 15-20% of the original value.
However, application of the oxidation process (i.e. UV/H2O2) still showed to be raising the
amount of biodegradable organic molecules. The amount of increase in AOC can vary depending
on the nature of the NOM and the treatment conditions.
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8

Conclusions and Recommendations for Future Work

8.1

Conclusions

This work investigated the impact of UV/H2O2 treatment on biostability of natural and synthetic
waters. This goal was achieved by adapting and modifying a previously developed method for
AOC quantification and making it applicable to UV/H2O2 applications. Further, improving the
efficacy of the UV/H2O2 treatment was examined by removing NOM ahead of the UV/H2O2
process through coagulation. This strategy will not only be beneficial in enhancing the
performance of the UV/H2O2 treatment, but also lead to a better quality for the finished water.
According to the experimental work and the findings obtained in this study, the following
conclusions have been made:
8.1.1

Development of the method for AOC determination of UV/H2O2 treated water

1. The flow cytometric method developed by Hammes and Egli (2005) to quantify
Assimilable Organic Carbon (AOC) is rapid, straightforward and accurate in enumeration
of the bacteria proliferated in water.
2. Residual H2O2 (>0.2 ppm) after the UV/H2O2 treatment was found to inhibit
microorganisms growth leading to incorrect assessment of AOC. Therefore, Immobilized
Catalase on SEPABEAD® was used in this study to rapidly and effectively remove H2O2
with minimal impact on the original AOC.
3. Inoculum plays a key role in all the AOC bioassays. Utilization of pure cultures (i.e., P17
and NOX) in determination of AOC has been around for the past two decades however, it
may result in erroneous estimation of AOC. Therefore, employing a natural consortium
obtained from the water will provide a broader range of microorganisms capable of
utilization the organic carbon content. The choice of the natural inoculum is also
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important, as it may affect the outcome of the AOC bioassay. Results obtained in this
study showed that different natural inocula generally yield similar results when they are
seeded on an identical water sample. However, variations in AOC determination of some
natural waters were observed. Therefore, it is suggested to use an indigenous natural
consortium as it is deemed that the bacteria in a specific water sample tend to be the best
microorganisms adapted to the carbon source of that water.
4. Addition of mineral buffer solution consisted of phosphate, nitrate, and ammonium ions
was found to be instrumental in the bacterial growth. Applying this step is recommended
to ensure that carbon is the only substrate limiting the bacterial growth.
5. The buffer capacity of the water was also shown to influence the AOC results. For
instance data from using MnO2 for H2O2 removal in Capilano water clearly showed its
inhibitory impact on the bacterial growth. However contrary findings were obtained when
Evian water was used.
8.1.2

Impact of UV/H2O2 process on AOC profile of water

6. Application of UV/H2O2 was found to increase the AOC during the commercially applied
treatment conditions. This is mainly attributed to the breakdown of larger organic
molecules into more small biodegradable organic molecules.
7. Biodegradable Organic Carbon (BDOC) and AOC showed to have correlation in their
profiles. However, results obtained in this study indicated slightly different correlations
between these two parameters. Therefore, performing more experiments on various water
qualities under different treatment processes can help to collect more data and draw more
concrete conclusions.
8. Alum coagulation was shown to be effective in removing a substantial portion of large to
medium weight organic molecules. This in turn leads to a considerable increase in the
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efficacy of the UV/H2O2 process in elimination of the target compounds. Moreover,
significant (about 75%) electrical energy can be preserved and concerns with undesirable
UV/H2O2 treatment by-products can be reduced.
9. Alum coagulation showed to be very effective in reducing the AOC to about 15-20% of
the original value. However, the portion of NOM recalcitrant to coagulation was found to
be still able to support microbial growth.
10. Application of the oxidation process (i.e., UV/H2O2) on the pre-treated water still showed
to be raising the amount of biodegradable organic molecules. The amount of increase in
AOC can vary depending on the nature of the NOM and the treatment conditions.
11. High performance size exclusion chromatography was not inappropriate to predict the
biodegradability profile of the organic matter. This can be attributed to the inability of
this method in detecting non-UV absorbing small organic species that can potentially
promote bacterial activity in water.
12. AOC was found to have a positive direct correlation with the total organic carbon. Waters
with higher TOC showed to have higher proportional AOC values.
13. Presence of alkalinity resulted in lower degradation of organic molecules hence lower
production of AOC. This is attributed to the scavenging effect of carbonate species
representing alkalinity leading to lower degradation of organic molecules.
14. pH was found to have an instrumental effect on the activity and metabolism of
microorganisms. Bacteria showed no growth at acidic (pH~5) or basic (pH~ 9.5)
solutions artificially made with SR NOM.
15. Chitosan, an organic coagulant from crab shell, was found to be ineffective for removing
organic matter in surface water. On the other hand, application of alum showed to be
promising in removing a substantial portion of NOM.
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8.2

Recommendations for the Future Works
1. Employing a natural consortium as inoculum however results in more realistic
interpretation of the AOC but can potentially introduce deviations into the AOC analysis.
Therefore, one would prefer to use a standardized natural inoculum that can be accessible
worldwide. As suggested in this work and also by Hammed and Egli (2007), Evian
mineral water can be used as the reference inoculum. However, more experiments with
different water sources around the world should be conducted in order to investigate the
diversity in the inoculum and he variance that it may cause in the results of the AOC
assay.
2. Pure cultures (i.e., P17 and NOX) could also be used as the standard inoculum in
combination with flow cytometry technique. Flow cytometry can be used to enumerate
the cells grown when these pure strains are used. Therefore, comparison between the
results obtained from the natural inoculum with those from the pure strains when FC is
used as the numeration technique will be extremely valuable. Using FC will result in
more accurate and rapid enumeration of the cells grown in water.
3. Alum was used in this study as a well established/understood coagulation agent to
eliminate organics before UV/H2O2 treatment process. Therefore examination of other
coagulants such as ploy aluminum chloride (PAC) can provide a better understanding of
the NOM behaviour and removal during the coagulation process.
4. Examination of other pre-treatment alternatives can be of interest. For example ion
exchange resins and processes may offer suitable pre-treatment alternatives that can
remove certain (smaller) fractions of organic matter. This would be of particular interest
since it was found that smaller organic molecules are mainly responsible for the
formation of AOC during the course of treatment. Therefore, investigating the
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performance of ion exchange resins known to effectively remove organics, mainly from
medium to small molecular weights, could be valuable.
5. Instead of pre-treatment, application of a post-treatment step could also be effective in
increasing the overall efficacy of the process. For instance, filtration processes have a
great potential to be implemented ahead and/or after the UV/H2O2 treatment. However,
feasibility of these processes as pre or post treatment alternatives needs be fully examined
and understood.
6. Robustness and flexibility of the combined treatment (i.e., UV/H2O2 with pre or post
treatment) in removing NOM could be investigated under different water qualities. The
findings can be extremely valuable especially when the inlet water quality can be very
different for a variety of end-users. Therefore, this can help to design a combined
treatment tolerant and flexible to the diversity available in the water quality across the
country.
7. Robust calculations and analyses can be performed in order to clearly quantify the impact
of combined treatment on the energy consumption of the UV/H2O2 treatment process.
Moreover, economical analysis should be performed to compare the cost of the combined
process where lower energy is used with UV/H2O2 process where a single process is
operating.
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Appendix A

Modeling the Transformation of Chromophoric

Natural Organic Matter during UV/H2O2 Advanced Oxidation
An identical version of the following appendix A has been submitted to the Journal of
Environmental Engineering for the final review. My contribution to this work was writing and
debugging the programming code, and providing the model predicted results. Dr. Siva Sarathy
developed the model equations and collected and analyzed the data in addition to writing the
manuscript.
Authors: Siva R. Sarathy2, Mohammad M. Bazri3, and Madjid Mohseni4
This research developed a dynamic kinetic model to predict the partial degradation of natural
organic matter (NOM) during ultraviolet plus hydrogen peroxide (UV/H2O2) advanced oxidation
treatment. The absorbance of 254nm UV, representing chromophoric NOM (CNOM) was used
as a surrogate to track the degradation of NOM. To obtain reaction rate constants not available in
literature, i.e., reactions between hydroxyl radical (•OH) and NOM, experiments were conducted
with “synthetic” water using isolated Suwannee River NOM and parameter estimation was
applied to obtain the unknown model parameters. The model was evaluated on two natural
waters to predict the degradation of CNOM and H2O2 during UV/H2O2 treatment. Model
predictions of CNOM degradation agreed well with the experimental results for UV/H2O2
treatment of the natural waters, with errors up to 6%. For the natural water with additional
alkalinity, the model also predicted well the slower degradation of CNOM during UV/H2O2
treatment, due to scavenging of •OH by carbonate species. The model, however, under predicted
the degradation of H2O2 suggesting that, when NOM is present, mechanisms besides the
photolysis of H2O2 contribute appreciably to H2O2 degradation.
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Introduction
Designing a UV/H2O2 system for a practical application necessitates the prediction of H2O2
concentration and fluence requirements to achieve the desired levels of contaminant removal
(Tühkanen 2004). There are a number of mathematical models describing the UV/H2O2
advanced oxidation (Glaze et al. 1995; Liao and Gurol 1995; Crittenden et al. 1999; Stefan et al.
2000; Sharpless and Linden 2004; Song et al. 2008). Some of these models use a pseudo-steadystate assumption for the concentration of hydroxyl radicals (•OH), assuming that the net
formation of •OH is zero (Glaze et al. 1995; Liao and Gurol 1995; Stefan et al. 2000), while
others assume all species, including radicals, to be dynamic (Crittenden et al. 1999; Song et al.
2008). While the pseudo-steady-state assumption is a safe simplification, since •OH reacts
rapidly with many species and the concentration of •OH is very low and will not accumulate over
time (Linden et al. 2007), a dynamic model is a better descriptor of actual system behavior.
Some of the existing models incorporate the •OH scavenging potential of natural organic
matter (NOM) (Liao and Gurol 1995; Crittenden et al. 1999; Sharpless and Linden 2004) while
only one models the degradation of NOM (Song et al. 2008). However, Song et al. (2008)
primarily targeted the mineralization of NOM and so, did not address the partial degradation of
NOM that occurs under practical operating conditions. In commercial drinking water UV/H2O2
applications, the oxidation conditions (i.e., fluence and/or H2O2 concentration) are not strong
enough to mineralize NOM. Instead, partial oxidation of NOM takes place, leading to constantly
changing water characteristics that in turn affect process efficacy and water quality (Sarathy and
Mohseni 2007, 2009). For example, reduction in the absorbance of water at 254nm UV would
lead to the increased photolysis of H2O2, thereby increasing the rate of •OH production.
The focus of this research was to develop a dynamic kinetic model that predicts partial
degradation of NOM by incorporating a surrogate parameter, the absorbance of 254nm UV,
representing structural transformation of NOM attributable to •OH attack. The portion of NOM
that absorbs at 254nm has been defined as chromophoric NOM (CNOM). The model was
developed using literature obtained reaction schemes and kinetic rate constants. To obtain
reaction rate constants not available in the literature (i.e., reactions between •OH and NOM),
experiments were conducted with “synthetic” water using isolated Suwannee River NOM and
parameter estimation was applied to obtain the unknown model parameters. Subsequently, the
model, using the literature and estimated rate constants, was evaluated on two natural waters in
order to predict the degradation of CNOM and H2O2 during UV/H2O2 treatment. Further, the
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natural waters were amended with additional alkalinity and treated in order to elucidate the
impact of alkalinity on CNOM and H2O2 degradation.

Materials and Methods
Waters.
“Synthetic” water was created to empirically estimate model parameters. Suwannee River
Aquatic NOM (SRNOM-aquatic) (International Humic Substance Society) was added to
ultrapure water (Millipore) at varying concentrations. A detailed description of the source of
SRNOM-aquatic isolate as well as its chemical properties and the isolation method are available
from the International Humic Substances Society. Total organic carbon (TOC) concentration was
used as a surrogate to quantify NOM. Table A.1 summarizes the properties of the synthetic
waters prepared.
The source of the first surface water, Capilano Water (CW), was the Capilano Reservoir which
serves the Greater Vancouver Region, British Columbia, Canada. The second source, Trepanier
Water (TW), originated from Trepanier Creek, providing drinking water for the town of
Peachland, British Columbia, Canada. The alkalinity of both CW and TW was modified by the
addition of sodium bicarbonate (ACS Grade, Fisher Scientific). The characteristics of raw CW
and TW are provided in Table A.1.

Advanced Oxidation Treatment.
A collimated beam apparatus, exactly as described in Sarathy and Mohseni (2007) was employed
for the batch UV/H2O2 studies. The water was irradiated and samples were taken at various
intervals from 0 to 150 minutes, corresponding to a fluence range up to 2000 mJ cm-2. H2O2
(30%, Fisher Scientific) was added initially to the water at the desired concentrations. H2O2
containing samples were quenched of H2O2 using 0.2 mg L-1 bovine liver catalase (lyophilized
powder, ≥10,000 units mg-1 protein, Sigma Aldrich) prior to absorbance and TOC measurements.

Analytical Methods.
The incident fluence rate (EP° ) was determined using iodide/iodate actinometry exactly as
described in Sarathy and Mohseni (2007). In some cases, a calibrated radiometer (IL1700, sensor
SED240 for 254nm, International Light Inc.) was used to determine

°

following the

standardized method for fluence determination (Bolton and Linden, 2003). H2O2 concentration
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was measured by reaction with iodide catalyzed by molybdate (Klassen et al. 1994). TOC was
measured using a TOC analyzer (Shimadzu TOC-VCPH or Sievers 900). Absorbance
measurements were determined using a UV-Vis spectrophotometer (Shimadzu UV-Mini 1240 or
Cary 100) with 1cm quartz cuvette (Hellma). Alkalinity was measured according to the Standard
Method 2320 (Clescerl et al. 1999).
4-chloro-benzoic acid (pCBA) was detected using a Waters 600-MS HPLC equipped with
Waters 996 photodiode array detector, Waters 717 plus autosampler, and Supelcosil LC-18
column. The eluent consisted of 0.5% H2PO4 and acetonitrile, at a ratio of 52%:48%, and was
run at a column flowrate of 1.5 mL min-1. The quantification wavelength for pCBA was at 238
nm.
The procedure for hydrophobic/hydrophilic fractionation was based on the rapid fractionation
technique published by Chow et al. (2004). Two resins, Supelite DAX-8 (Supelco) and
Amberlite XAD-4 (Supelco) were used in series to separate the NOM into three fractions: (i)
very hydrophobic acids (VHA), (ii) slightly hydrophobic acids (SHA), and (iii) charged plus
neutral hydrophilic (CHA+NEU).

Kinetic Modeling Approach, Reaction Scheme, and Governing Rate Expressions.
A dynamic kinetic model for the UV/H2O2 process was developed for predicting CNOM
changes over time, H O /HO , carbonate species (HCO / CO ), pCBA (the ·OH probe
employed), and radical species (·OH, O· / HO· , CO· ). The approach taken closely followed that
of UV/H2O2 models developed previously by other researchers (Glaze et al. 1995; Liao and
Gurol 1995; Crittenden et al. 1999; Stefan et al. 2000; Sharpless and Linden 2003; Song et al.
2008). Table A.2 provides a summary of the reactions defined for the system along with the
literature reaction rate constants used. Based on the reactions in Table A.2, the overall kinetic
rate expressions were defined by the ordinary differential equations given in Table A.3.
The first term in Equation [1] (Table A.3) represents the rate of photolysis of H2O2 which is
dependent on the primary quantum yield of H2O2,

,·

specific rate of light absorption by H2O2 at 254 nm,

,

, in Reaction 1 equal to 0.5 and the
,

(Es mol-1). The specific rate of

light adsorption by H2O2 is defined by Equation [A1] (Sharpless and Linden 2003).
°
,

,

,

,
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,

In Equation [A1],
,

,

°

is the incident photon fluence rate (Es cm-2 s-1),

is the total water absorption coefficient at 254 nm (cm-1).

Equation [A2] where

,

is the path-length, and
,

is defined by

is the decadic molar absorption coefficient of H2O2 at 254 nm

(19.6 L-1 mol-1 cm-1), and

is the decadic molar absorption coefficient of CNOM. By

definition CNOM only absorbs UV at 254 nm, so the absorption coefficient for CNOM,
(cm-1), is defined by Equation [A3].
3

CNOM

As with the models developed by Crittenden et al. (1999) and Song et al. (2008), the model
developed in this study was dynamic for all radical species present within the system as defined
by Equations [3-6] (Table A.3). In Equation [3], the first ten terms represent the scavenging of
•

OH in the system. All the major scavengers have been incorporated including NOM

(represented as TOC), carbonates, H2O2, and pCBA. Note that although the model included the
reaction between CNOM and •OH (Reaction 26), CNOM need not be included in Equation [3] as
one of the scavenging terms since CNOM is a subset of NOM. The last three terms in Equation
[3] represent the generation of •OH.
Species contributing to alkalinity, namely bicarbonate and carbonate, are present in most
natural waters and are major scavengers of •OH (Reactions 4 and 5), thus these reactions have
been included in the model by Equations [7] and [8].
In Equation [9] pCBA, the •OH probe, could be substituted with any organic contaminant.
Further, additional organic contaminants could be added to this model easily. pCBA is
predominantly degraded by •OH so its reaction with other species is neglected. Also, the direct
photolysis of pCBA at 254 nm is negligible so is not included in this model. Of course, if pCBA
was substituted with another compound that is photolyzed at 254 nm and/or reacts with other
free radicals, the kinetic rate expressions would require modification to include the necessary
terms.
As defined by Reaction 26 and Equation [10], CNOM was assumed to be degraded by •OH
only. Direct photolysis of CNOM was neglected since prior experimental results demonstrated
that when treatment was conducted in the absence of H2O2 (i.e., only UV irradiation), there was
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no reduction in CNOM (Sarathy and Mohseni 2007). Thus, under the irradiation conditions (i.e.,
incident photon fluence rate and irradiation time) implemented in this study, degradation of
CNOM by photolysis is negligible.
As mineralisation of raw water TOC had previously not been observed under the irradiation
conditions implemented in this study (Sarathy and Mohseni 2007, 2009), this model assumes
TOC was constant over the duration of the treatment.

Experimental Approach for Parameter Estimation.
Controlled experiments were conducted to gather data for estimating the two unknown reaction
rate constants,

·

,

(L mg-1 s-1) and

·

,

(L mol-1 s-1). Experiments were conducted

with SRNOM-aquatic synthetic water with TOC levels of 1.33, 2.21, and 3.08 mg L-1 and initial
H2O2 concentration levels of approximately 5 and 15 mg L-1. For each experiment

°

was 6.42E-

10 Es cm-2 s-1 and pCBA was added initially at a concentration of approximately 200 µg L-1. The
water was then irradiated for 150 minutes with measurements of pCBA taken every 15 minutes
and measurements of H2O2 and CNOM taken every 30 minutes.
In these experiments, pCBA served as an •OH probe so, by monitoring the concentration of
pCBA, competition kinetics was used to estimate the reaction rate constant for the reaction
between •OH and TOC,

·

. Thus, experimentally monitored was the relationship

,

represented in Equation [A4] where

is the apparent reaction rate constant for the reduction

of pCBA (s-1).
pCBA

4

CBA

pCBA

pCBA only reacted with •OH so Equation [A4] can be written as Equation [9] (Table A.3). As
·

was known, 5E9 L mol-1 s-1 (Neta and Dorfman 1968), the •OH concentration was

,

responsible for the measured
·

,

. Thus, the unknown component in Equation [3], i.e.,

, could be estimated based on the experimental measurement of pCBA.

Since it was not possible to measure the molar concentration of CNOM and
unknown,

is

was measured as it was the absorbance coefficient of the water at 254 nm after

H2O2 was quenched.

was used for the estimation of

·OH,

monitored was the relationship represented by Equation [A5] where
reaction rate constant for the reduction in

. Thus, experimentally
is the apparent

(s-1).
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5
By definition in Equation [A3]

is directly proportional to the molar concentration of

CNOM by an unknown factor of

. Therefore, Equation [A5] can be written as Equation

[A6].
CNOM

6

CNOM

Equation [A6] simplifies to Equation [A7] where

is the apparent reaction rate constant for

the reduction of CNOM (s-1).
CNOM

7

CNOM

Finally, given the assumption that CNOM is only degraded by •OH, Equation [A7] can be
written as Equation [10] (Table A.3). Thus, the experimental data for
determine

·

,

could be used to

.

Numerical Solution of Governing Rate Expressions and Parameter Estimation.
The MATLAB function ode15s was used to solve the system of stiff differential equations
(program code available upon request).

·OH,

and

·

were estimated by maximum

,

likelihood estimation with a weighted least squares objective function (OF) given by Equation
[A8] where i represents a measurement made at some point in time, CNOMexpt is the
experimental measurement at i, CNOMmodel is the model prediction at i, pCBAexpt is the
experimental measurement at i, pCBAmodel is the model prediction at i, and σCNOM and σpCBA are
weighting parameters to compensate for error due to measurement. σCNOM was set equal to 0.002
cm-1 in order to represent the typical standard deviation observed when making absorbance
measurement and σpCBA was set equal to 5 µg L-1 in order to represent the typical standard
deviation observed when making pCBA measurements.
N

A8

OF

CNOM

CNOM
σCNOM

pCBA

pCBA
σ

MATLAB’s fminsearch function was used to find values of

CBA

·OH,

and

·

,

that

minimized the OF, in effect estimating the parameters that best fit model predictions to
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experimental data. The standard error for the parameters was determined by calculating the
Fisher Information Matrix followed by determination of the covariance/sensitivity matrix
(according to calculation procedure described by Englezos & Kalogerakis (2001). From the
calculated standard errors, the 95% confidence intervals of each parameter were calculated and
are reported.

Experimental Approach for UV/H2O2 Treatment of Natural Waters.
The model was evaluated by comparing the model predicted concentrations for H2O2 and CNOM
to experimental data collected during UV/H2O2 treatment of the two raw waters, CW and TW, as
well as these waters with additional alkalinity. CW was treated with initial H2O2 concentrations
between 5 and 20 mg L-1 and an

between 2.54E-10 and 2.84E-10 Es cm-2 s-1. Further, CW

°

was adjusted to alkalinities of approximately 50, 100, and 150 mg CaCO3 L-1 and was treated
with initial H2O2 concentrations ranging from 5 to 15 mg L-1 and an

°

between 8.59E-10 and

9.72E-10 Es cm-2 s-1. TW and TW adjusted to alkalinities of 100 and 150 mg CaCO3 L-1 were
treated with initial H2O2 concentrations ranging from 5 to 20 mg L-1 and an

°

between 9.03E-10

and 9.52E-10 Es cm-2 s-1.

Results and Discussion
The model proposed here was unique in that it considered the change in the absorption
coefficient of water at 254nm,

,

, that occurred during UV/H2O2 treatment as a result of

H2O2 and CNOM degradation. It was deemed necessary to consider the change in
since the kinetics of UV/H2O2 system inherently depend on
Table A.3). Thus, including the change in

,

,

,

(Equations [1] and [3] in

provided a more complete characterization

of the UV/H2O2 system.

Synthetic Water Experimental Observations and Model Parameter Estimation.
Results from UV/H2O2 treatment of SRNOM-aquatic synthetic water are presented in Figures
A.1-A.3. Using these experimental data and the set of kinetic rate expressions in Tables A.2 and
A.3, the two unknown rate parameters,

·OH,

and

·

,

, were estimated simultaneously

by minimizing the weighted least squares between model predictions and experimental data.
Figures A.1-A.3 also include the model predictions using the estimated rate parameters.
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Hydroxyl Radical Scavenging by Natural Organic Matter. Figure A.1 shows that the observed
rate of degradation of pCBA increased with increasing the initial H2O2 concentration. On the
other hand, the observed degradation rate of pCBA decreased with increasing the concentration
of TOC. Both these phenomena were expected since an increase in H2O2 yielded a greater
concentration of •OH, thus increasing the degradation rate of the •OH probe. Also, an increased
concentration of TOC led to increased scavenging of •OH by TOC, consequently yielding less
•

OH to react with pCBA.
The optimal reaction rate constant for the reaction between •OH and TOC,

estimated at 1.14±0.10E4 L mg-1 s-1. There have been no previous studies reporting

·

, was

,
·

the SRNOM-aquatic used in this study; however, past literature reports are available for

for

,
·

,

of the Suwannee River NOM fulvic acid (SRNOM-fulvic), Suwannee River NOM humic acid
(SRNOM-humic) and NOM from other sources (Table A.4). SRNOM-aquatic was preferred in
this study since it was considered to be more representative of the NOM found in natural waters,
rather than fulvic or humic fraction isolates. Nonetheless, the

·

SRNOM-aquatic agreed reasonably well with the literature on

estimated in this study for

,
·

,

for SRNOM-fulvic,

SRNOM-humic, and NOM from other sources (Table A.4). The estimated value, 1.14±0.10E4 L
mg-1 s-1, was within error of the value reported for SRNOM-fulvic (Westerhoff et al., 2007)
using pulse radiolysis with competition kinetics and direct transient growth (1.33±0.20E4 L mg-1
s-1). The variation between reported

·

,

values (Table A.4) demonstrates that estimation of

the parameter is subject to the method used for •OH production (i.e., ozonation, UV/H2O2, pulse
radiolysis, γ-radiolysis, etc.), as well as the type of NOM employed (i.e., aquatic isolate, fulvic or
humic isolates, or non-isolated/whole water). Yet, regardless of the •OH production method or
the type of NOM employed,
2003). As the

·

,

·

,

has been reported to be around 2E4 L mg-1 s-1 (Reisz et al.

estimated in this work agreed well with other literature values, it was

deemed acceptable.

Degradation of Chromophoric Natural Organic Matter.
Figure A.2 illustrates the experimental data for

for UV/H2O2 treatment of SRNOM-

aquatic synthetic water. There was a marked reduction in CNOM as irradiation time increased, as
was observed by Sarathy and Mohseni (2007, 2009). Further, as the initial H2O2 concentration
was increased, the observed rate of degradation of CNOM increased, also as expected and
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observed by Sarathy and Mohseni (2007). For

·OH,

3.04±0.33E8 L mol-1 s-1. Literature estimates of

·OH,

the optimum value was estimated at
were non-existent at the time of

publication so it could not be compared.
Prediction of the change in CNOM was regarded valuable since in the UV/H2O2 system
CNOM would often be the major absorber of photons. Any change in
impact on

,

would have an

(Equation [A2]), the photolysis of H2O2 (Equation [1] in Table A.3), and

subsequently the concentration of •OH (Equation [3] in Table A.3). A reduction in

would

lead to greater absorption of photons by H2O2, thus increasing photolysis of H2O2 and •OH
production. Therefore, by considering the change in CNOM, prediction of H2O2 degradation
would be more accurate.

Degradation of Hydrogen Peroxide.
Similar to the UV/H2O2 models presented in the literature, the model presented here considered
photolysis to be the main pathway for H2O2 degradation. As an improvement to past models, this
model also included the change in CNOM, thereby improving the modeling of H2O2 degradation.
Despite improving model predictions to some extent, the model developed here, as have past
models, under predicted the measured H2O2 concentrations (Figure A.3).
Interestingly, the observed maximum extent of degradation of H2O2 increased as the
concentration of TOC increased, from about 15-20% at a TOC concentration of 1.33 mg L-1 to
about 20-25% at a TOC concentration of 3.08 mg L-1 (Figure A.3). Had photolysis been the
primary pathway for H2O2 degradation, an increased concentration of TOC would have led to
slower degradation of H2O2 since higher levels of TOC would result in higher CNOM and
greater water absorbance and screening of UV. Consequently, there would be a reduction in the
number of photons absorbed by H2O2 thereby impeding H2O2 degradation. In fact, this
phenomenon was predicted by the model but was not supported by the experiments (Figure A.3).
The model predicted best when the conditions were closest to pure water (RMSE < 0.035 for
1.33 mg L-1 TOC concentration) and worst when the TOC concentration was the highest. This
demonstrated that the assumption of photolysis being the predominant mechanism for H2O2
degradation may be true only for water with very low amounts of NOM, but when NOM is
present at even moderately low levels, other mechanisms, besides photolysis and reaction with
radical species, contribute to H2O2 degradation.
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Earlier modeling efforts by Song et al. (2008) and Liao and Gurol (1995) also showed that
model predictions for H2O2 degradation deviated from the experimental data, with the model
under predicting experimental measurements. Song et al. (2008) speculated this under prediction
could be due to H2O2 reacting with NOM. Our experimental results did not support this
hypothesis and showed that when NOM was in water with H2O2 and no irradiation (i.e., dark
reaction), there was no measurable reduction in H2O2 over several hours (data not shown). Thus,
it is unlikely that the raw NOM reacts with H2O2 at a significant rate.
It is more plausible that H2O2 reacts readily with the products of the NOM and •OH reaction.
•

OH reacts with NOM either by •OH addition to a carbon-carbon double bond or by abstraction

of a carbon bound hydrogen (von Sonntag 1997). Both mechanisms result in the formation of
carbon-centered radicals (von Sonntag 1997). These carbon-centered radicals quickly react with
dissolved oxygen forming peroxyl radicals which, via various reactions, go on to form low
molecular weight carbonyls such as aldehydes, ketones, carboxylic acids and eventually carbon
dioxide. Alternatively, the carbon-centered radicals could react with H2O2. Neta et al. (1996)
reported the reaction rate constants for reactions between carbon-centered radicals with oxygen
were generally in the range of 108 to 1010 L mol-1 s-1 versus 104 to 106 L mol-1 s-1 for reactions
between carbon-centered radicals and H2O2. Even though the dominant reaction for carboncentered radicals is with oxygen, their reaction with H2O2 cannot be ignored and this could
explain the additional degradation, beyond photolysis, of H2O2. Further research is required to
define expressions to more accurately model H2O2 degradation during UV/H2O2 treatment of
water in which NOM is present.

Surface Water Experimental Observations and Model Validation.
Results from UV/H2O2 treatment of CW and TW along with model predictions, given as lines,
are presented in Figures A.4 and A.5. Also, provided are the root mean square errors (RMSE) of
each model prediction, an indicator of the model’s accuracy.

Degradation of Chromophoric Natural Organic Matter in Capilano Water and Trepanier Water.
For both CW and TW, CNOM was degraded as irradiation time increased (Figure A.4). Note that
for TW experiments,

°

was over three times greater than that for the CW experiments.

Therefore, the extent of degradation of CNOM at a specific time should not be directly
compared. Nevertheless, a slower degradation over time was observed for TW since TW had a
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greater TOC concentration and

than CW (Table A.1). The higher

resulted in

lower photolysis of H2O2 and thus less •OH generation, thereby reducing the rate of CNOM
degradation. Further, TW also had alkalinity at 47 mg CaCO3 L-1 which has impeded the rate of
CNOM degradation (further results and discussion on the impact of alkalinity are provided
below). As was observed for SRNOM-aquatic synthetic water (Figure A.2), there was a clear
link between the extent of degradation of CNOM and the initial H2O2 concentration for CW and
TW (Figure A.4).
In general, the model predictions of CNOM degradation agreed well with the experimental
results for UV/H2O2 treatment of CW and TW. For CW, the model predicted very well the
degradation of CNOM both as a function of irradiation time and initial H2O2 concentration. The
RMSE ranged from 0.004 to 0.058 with an average of 0.040 indicating a percentage error of
about 4% on average. Since both irradiation time and initial H2O2 concentration affect the level
of •OH exposure, this agreement between model predictions and experimental observations
reinforces the model’s assumption that CNOM is mainly degraded by •OH. For TW, model
predictions were also accurate for initial H2O2 concentrations of approximately 15 mg L-1
(RMSE = 0.028) and 5 mg L-1 (RMSE = 0.052) (Figure A.4).

Impact of Alkalinity on Degradation of Chromophoric Natural Organic Matter.
An increase in alkalinity resulted in lower degradation of CNOM for CW with approximately 10
or 15 mg L-1 initial H2O2 concentration (Figure A.5). The model’s prediction was also in
agreement with the observed behavior of CW, that is increasing alkalinity resulted in less
degradation of CNOM. This was caused by the scavenging of •OH by bicarbonate (Reaction 4 in
Table A.2) and carbonate (Reaction 5 in Table A.2) which resulted in fewer •OH available for
reaction with CNOM (Equation [3] in Table A.3).

Degradation of Hydrogen Peroxide.
As was observed with SRNOM-aquatic synthetic water, there was an apparent degradation of
H2O2 during UV/H2O2 of CW and TW. The maximum extent of H2O2 degradation for CW was
24% and 19% with initial H2O2 concentrations of 5 and 15 mg L-1, respectively (Table A.5).
When alkalinity was added to CW at different concentrations, the maximum extent of H2O2
degradation remained at around 19%, irrespective of the initial H2O2 or alkalinity (Table A.5).
Similarly for TW, additional alkalinity did not considerably impact the maximum extent of
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H2O2degradation, which was between 15% and 23% (Table A.5). Therefore, experimental results
did not demonstrate that change in alkalinity considerably affected the observed degradation of
H2O2. On the contrary, the model predicted that additional alkalinity resulted in greater
degradation of H2O2, bringing the model predictions closer to the experimental results (Table
A.5). This increased H2O2 degradation predicted by the model can be explained by the presence
of the carbonate radical, formed as a result of •OH reaction with bicarbonate (Reaction 4 Table
A.3) and carbonate (Reaction 5 Table A.3). The formed carbonate radical can react with H2O2
(Reaction 15 Table A.3) thus contributing to excess H2O2 degradation. The RMSE between
model predictions and experimental observations ranged from 0.012 to 0.041 for CW with
alkalinity present compared to RMSE of 0.036 and 0.082 for raw CW (Table A.5). Similarly, for
TW model predictions were noticeably better with increasing the alkalinity, as indicated by the
lower RMSE values (Table A.5). It is apparent that despite the improved performance of the
model in predicting the degradation of H2O2 as alkalinity increased, the model still under
predicted the experimentally observed degradation of H2O2 during UV/H2O2 treatment of CW
and TW. This again can be explained by the hypothesis that reactions between H2O2 and carboncentered radicals are important and contribute to the overall H2O2 degradation.

Implications of Natural Organic Matter Characteristics.
NOM varies widely and its composition is largely dependent upon the autochthonous and
allochthonous influences of a particular source. Subsequently, the characteristics of NOM can
vary from one source to another. In this study, model parameters were obtained based on an
isolated NOM dissolved in pure water and were applied to predict the degradation of CNOM
during UV/H2O2 treatment of natural waters. It is plausible that this approach yielded satisfactory
results due to the characteristics of three NOMs used in this study. As shown in Table A.1, the
values of specific ultraviolet absorbance (SUVA), a measure of the aromatic character of NOM
(Nikolaou and Lekkas, 2001), were quite similar for the three NOMs. In terms of
hydrophobic/hydrophilic fractionation, all three NOMs were composed of predominantly
hydrophobic acids, from 80% to 86% VHA and SHA combined. These resemblances in
characteristics may have contributed to the observed similarities in the way these three NOMs
reacted with •OH. The results may not have been as satisfactory had the characteristics of the
NOM been very different, so future research should broaden the study to a range of NOMs that
cover more diverse characteristics.
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Highlights of this Model and Potential Applications. This model incorporated unique features
by accounting for the changes in water absorbance as well as the reduction in H2O2
concentration. By including these features and considering all species dynamic, it came closer to
ideal characterization of the UV/H2O2 system. As residual H2O2 is present in all UV/H2O2
applications, and requires costly removal, accurate prediction is of high value for system design
as well as cost reduction. The model can also be applied to predict the degradation of organic
micro-pollutants.
The model tracked the transformation of NOM by the surrogate parameter, CNOM. Changes
in CNOM have been correlated with changes in water quality parameters such as assimilable
organic carbon (AOC) concentration during various stages of treatment including ozonation,
carbon filtration, and slow sand filtration (van den Broeke et al. 2008). Thus, this model could
also be modified to predict changes in water quality by using empirical correlations linking
degradation of CNOM to changes in water quality parameters.
CNOM could be used in actual process operation to track the transformation of NOM as well
as to approximate the •OH concentration. In practice this would involve simple monitoring of
CNOM upstream and downstream of the UV/H2O2 process. Since changes in CNOM may
correlate with changes in AOC, monitoring of CNOM would provide an indication of possible
changes in biological stability of water after treatment. Further, given that the reduction in
CNOM is dependent on •OH concentration, variations in CNOM reduction would indicate a
change in •OH concentration. As •OH concentration impacts the removal of target contaminants,
this simple method has the potential to improve process performance.
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Table A.1: Select characteristics of waters used in UV/H2O2 experiments. Table values are
averages of numerous measurements.
Parameter

Suwannee River Natural
Capilano
Trepanier
Organic Matter Synthetic Water Water (i)
Water (ii)
-1
Alkalinity (mg CaCO3 L )
none added
none detected 47
Total organic carbon (mg L-1) 1.33/2.21/3.08
2.45
5.12
pH
5.5-5.8
6.5-6.8
7.5-7.7
0.049/0.065/0.108
0.089
0.214
(cm-1)
-1
-1
SUVA (L mg m )
3.4
3.6
4.2
VHA (%)
80
66
76
SHA (%)
4
20
5
CHA+NEU (%)
16
14
19
SUVA – specific ultraviolet absorbance; VHA – very hydrophobic acids; SHA – slightly hydrophobic acids;
CHA+NEU – charged plus neutral hydrophilic.
(i) Collected May 2006
(ii) Collected May 2008 (water shed was experiencing elevated levels of colour and TOC due to the spring snow
melt)

Table A.2: The series of reactions used in the kinetic model of the UV/H2O2 system.
Reaction
1
H O
2
·OH
3
·OH
4
·OH
5
·OH
6
·OH
7
·OH
8
·OH
9
·OH
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

O·
O·
O·
HO·
HO·
CO·
CO·
CO·
H O
H
HO·
H
HCO
H
·OH
·OH
·OH

hν 2·OH
H O
O·
H O
HO
O·
H O
H O + CO·
HCO
CO
OH + CO·
HO·
H O O
O·
OH + O
·OH
H O
CO·
OH + CO

Rate constant
= 0.5 (primary quantum yield)
,·
= 2.7E7 L mol-1 s-1
= 7.5E9 L mol-1 s-1
= 8.5E6 L mol-1 s-1
= 3.9E8 L mol-1 s-1
= 6.6E9 L mol-1 s-1
= 8.0E9 L mol-1 s-1
= 5.5E9 L mol-1 s-1
= 3.0E9 L mol-1 s-1

H

H O
·OH OH + O
CO·
O
CO
HO· H O
H O
OH
HO·
H O
O
H O
·OH H O O
H O
HCO
O·
H
HO
HCO
O·
CO·
2CO
H
HO
HO
H O
H
O·
O·
HO·
H
CO
CO
HCO
pCBA products
TOC products
CNOM products

O

= 0.13 L mol-1 s-1
= 6.5E8 L mol-1 s-1
= 9.7E7 L mol-1 s-1
= 8.6E5 L mol-1 s-1
= 3.7 L mol-1 s-1
= 8.0E5 L mol-1 s-1
= 3.0E7 L mol-1 s-1
= 2.0E7 L mol-1 s-1
= 0.0356 s-1
= 2.0E10 L mol-1 s-1
= 7.0E5 s-1
= 4.5E10 L mol-1 s-1
= 0.2 s-1
= 3.99E9 L mol-1 s-1
= 5E9 L mol-1 s-1
·OH,
= ? L mg-1 s-1
·OH,
= ? L mol-1 s-1
·OH,

Reference
Baxendale and Wilson 1957
Buxton et al. 1988
Buxton et al. 1988
Buxton et al. 1988
Buxton et al. 1988
Buxton et al. 1988
Buxton et al. 1988
Buxton et al. 1988
Holcman et al. 1987
Bielski et al. 1985
Eriksen et al. 1985
Buxton et al. 1988
Weinstein and Bielski 1979
Bielski et al. 1985
Neta et al. 1988
Neta et al. 1988
Neta et al. 1988
Ershov and Gordeev 2008
Ershov and Gordeev 2008
Ershov and Gordeev 2008
Ershov and Gordeev 2008
Brezonik 1994
Brezonik 1994
Neta and Dorfman 1968
Present work
Present work
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Table A.3: The mathematical model’s system of ordinary differential equations.
Equation
H O
[1]
,

[2]

HO

[3]

·OH

,

H O

,·

CO·

H O

H O

CO·

·OH H O

·OH HO

·OH HCO

·OH
H O

·OH CO·
O· H O

O·

2

,

,·

·OH O·

O·

HO

HO·

[6]

CO·

[7]

HCO

[8]

CO

[9]

pCBA

CO·

HO

HO·

H

·OH HO·

·OH CO
·

,

·OH TOC
HO· H O

O·
CO·

HO·

·

H

,

HO·

·OH CO·

O·

CO·

CO·

H O

CO·

HO

CO·

CO·

H O

CO·

HO

H

,

CNOM
·OH,

·OH H O

HO·

HO

HO·

HO· H O

HO·

H

O·

·OH CO
HCO

·OH CO

·OH pCBA

O·

O·

·OH HCO

HO

H O

CO·

H O

HO·

·OH HO·

·OH HCO

·

[10]

O·

H O

·OH HO
[5]

H

HO· H O

H O
O·

·OH

·OH HO

·OH O·
[4]

O·

·OH H O

H

CO

·OH CO·

O·

CO·

2

CO

CO·

HCO

·OH pCBA
·OH CNOM

Table A.4: Empirically calculated reaction rate constants for the reaction between hydroxyl
radical and natural organic matter.
(L mg-1 s-1)

NOM Source
Suwannee River Aquatic NOM
Suwannee River Fulvic Acid

1.14E4
1.33±0.2 E4

Suwannee River Fulvic Acid
Suwannee River Fulvic Acid
Suwannee River Humic Acid
Fluka Humic Acid

3.08E4
2.70±0.05 E4
1.90±0.05 E4
1.60E4

Average of six NOM isolates

2.54E4

Average of sixteen NOM isolates
Average of five surface waters

3.00±0.45 E4
2.30±0.77 E4

·

,

Determination Method
UV/H2O2 - competition kinetics
Pulse radiolysis - competition
kinetics and direct transient growth
Ozonation - competition kinetics
γ-radiolysis - competition kinetics
γ-radiolysis - competition kinetics
UV/H2O2 - numerical parameter
estimation
Pulse radiolysis - competition
kinetics and direct transient growth
Ozonation - competition kinetics
Nitrate-induced solar driven
photolysis

Reference
Present work
Westerhoff et al. 2007
Westerhoff et al. 1999
Goldstone et al. 2002
Goldstone et al. 2002
Liao and Gurol 1995
Westerhoff et al. 2007
Westerhoff et al. 1999
Brezonik & FulkersonBrekken 1998
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Tablee A.5: Experrimentally obbserved and model prediicted extent of hydrogenn peroxide
degraadation ([H2O2]final/[H2O2]0) for CW and TW oveer alkalinity and H2O2 concentrationns.
CW
TW
proximate Observed
O
P
Predicted
R
RMSE
Obseerved Predicted RMSE
E
App
[H2O2]0
(L mg
m -1)
5
24
13
0
0.082
15
19
14
0
0.036
50
5
19
9
0.125
13
0
0.041
23
15
19
100
16
0
0.031
19
0.075
100
5
18
14
0
0.012
16
111
0.054
15
20
0.063
15
0
0.018
16
8
150
5
21
100
16
0.066
15
15
17
100
0.037
RMSE
E – root mean square
s
error; [H
HCO3 ]0 – initial bicarbonate concentration;; [H2O2]0 – inittial hydrogen peroxide
p
concenntration; CW – Capilano Watter; TW – Treppanier Water
Approoximate
[HCO
O 3-] 0
(L mgg-1)
0

Figurre A.1: Degrradation of pCBA
p
durinng the UV/H
H2O2 treatmeent of SRNO
OM-aquatic synthetic
waterr at an ° of
o 6.42E-10 Es cm-2 s-1 and varyingg levels of TOC
T
and inittial H2O2
concentration. Points
P
repreesent experimental meaasurements and lines represent
r
modeel predictionns.
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Figurre A.2: Degrradation of CNOM
C
durinng the UV/H
H2O2 treatmeent of SRNO
OM-aquatic synthetic
-2 -1
°
waterr at an
o 6.42E-10 Es cm s and varyingg levels of TOC
of
T
and inittial H2O2
concentration. Points
P
repreesent experimental meaasurements and lines represent
r
modeel predictionns.

Figurre A.3: Degrradation of H2O2 duringg the UV/H
H2O2 treatmeent of SRNO
OM-aquatic synthetic
-2 -1
°
waterr at an
o 6.42E-10 Es cm s and varyingg levels of TOC
of
T
and inittial H2O2
concentration. Points
P
repreesent experimental meaasurements and lines represent
r
modeel predictionns.
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Figurre A.4: Degrradation of CNOM
C
durinng the UV/H
H2O2 treatmennt of CW annd TW at varrying
levells of initial H2O2 concentration. Poinnts represent experimental measurem
ments and
lines represent model
m
predicttions.

Figurre A.5: Deg
gradation of CNOM durring the UV
V/H2O2 treattment of CW
W at an inittial H2O2
-1
conccentration of 10 or 15 mg
m L and varying
v
leveels of alkalinnity. Points represent
r
expeerimental meeasurementss and lines reepresent moddel predictioons.
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Appendix B

Analytical Methods

Iodide/Iodate Actinometry
Iodide irradiated by UV leads to the linear formation of triodide, which is used to determine the
lamp output based on photochemical theory. Iodate acts as an electron scavenger and prevents
the back reaction of the free electron with the iodine atom following UV excitation of KI.
PROCEDURE
1.) Prepare 0.01M sodium borate buffer(1, 2)
- 0.381g Na2B4O7.10H2O per 100 mL distilled water
2.) Measure pH of solution (pH ~ 9.25)
3.) Prepare 0.1M potassium iodate in borate buffer
- 2.14g KIO3 per 100mL borate buffer
- This solution can be stored for several weeks in an opaque container.
4.) Prepare 0.6M potassium iodide in borate-iodate solution
- 9.96g KI per 100mL borate-iodate solution
5.)
6.)
7.)
8.)

Measure iodide-iodate-borate solution temperature in degrees Celsius. (T)
Measure absorbance at 300nm (A300) and 450 nm (A450i)
Irradiate with UV under desired geometry.
Measure absorbance at 450 nm (A450f)

CALCULATIONS
Quantum yield determination:
Φ = 0.75 [1 + 0.02 (T-20.7)] [1 + 0.23 (C-0.577)]

where:

Φ = quantum yield (mol/einstein)
T = solution temperature in degrees Celsius
C = molar concentration of iodide = [KI] = A300/1.061
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Fluence determination:

4.72 × 105 ⋅ ΔA450 ⋅ V ⋅ 1000
H'=
ε 450 ⋅ Φ ⋅ A

where:

H’ = Fluence (mJ/cm2)
ΔA450 = change in absorbance at 450 nm (cm-1) = (A450f - A450i)
V = solution volume (L)
ε450 = molar absorption coefficient of triodide at 450 nm = 1600 (M-1 cm-1)
Φ = quantum yield (mol/einstein)
A = area irradiated (cm2) = π * (radius of dish)2
4.72*105 = converting einsteins to joules
1000 = converting J to mJ
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Analysis of H2O2
Solution A:
500ml

Potassium hydrogen phthalate (KHP)

10g

+ Distilled water (DW)
Solution B:
500ml

KI

33g

NaOH

1g

Ammonium molybdate tetrahydrate

0.1g

+DW
Analysis:
Wavelength

351nm

Zero

DW

Blank

2.5mL of each solution A and B
dilute with DW in 10mL volumetric flask

Sample

2.5mL of each A and B
0.5 of sample
dilute with DW in 10mL volumetric flask

Calculation:
Peroxide (ppm) :

(A-Ao)*10*D/(0.7776*S)
(AbsSample-AbsBlank)*10*D/(0.7776*S)

D is additional dilution (1 if none), S sample volume (=0.5mL)
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Measurement of Alkalinity
Alkalinity measurement was conducted according to the Standard Method 2320 B (Titration
Method). A few (2-3) droplet of bromocresol green indicator solution, pH 4.5 indicator, were
dropped in a 100 mL sample solution with stir bar. Sulfuric Acid (H2SO4, standard solution 0.02
N) was added slowly until the color turned from blue to yellow.
The amount of acid used was read and alkalinity was calculated as below:
50000
Where A is the volume of the acid used (mL) and N is the normality of the acid (0.02 N).
For alkalinities below 20 ppm (CaCO3) , the low alkalinity method (SM 2320 B, 4.d) was used .

High Performance Size Exclusion Chromatography (HPSEC)
To obtain a better resolution and more clear peaks some modifications were performed on a
previously applied HPSEC technique, as reported by Sarathy and Mohseni (2007). Sarathy and
Mohseni (2007) used phosphate buffer (pH=6.8, Ionic strength= 0.1 M) however this eluent
showed to be not appropriate for the column used in this work, and inappropriate calibration was
obtained.
Therefore Sodium acetate was replaced the phosphate buffer; however experiments needed to
bed one in order to find the best concentration giving the most clear resolution sand separation of
peaks. The following figure shows the effect of solution concentration on the separation of the
peaks in the BI and SR water chromatograms.
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Figure B.1: Effect of different concentrations of eluent (Sodium Acetate) on separation/
resolution of SR NOM HPSEC chromatogram
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Figure B.2: Effect of different concentrations of elunet (Sodium Acetate) on separation/
resolution of BI NOM HPSEC chromatogram
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Figure B.3: Calibration curve used to convert retention time to AMW of NOM
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Figure B.4: Different calibration curve obtained for standard polymers using different
concentration of sodium acetate
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Appendix C

Effect of UV/H2O2 on AMW Distribution of SR NOM
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Figure C.1: UV254 profile of SR water (TOC~ 10 ppm) during UV/H2O2 treatment, [H2O2] ~10
ppm.
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Figure C.2: AMW Distribution of SR NOM water (TOC~ 10 ppm, 0 Alkalinity) during
UV/H2O2 treatment

188

400

10 ppm- 0 Alk

350

10 ppm- 50 Alk

293.05

10 ppm- 150 Alk

300
AOC (µg/L)

339.28
280.59

254.78

250

226.37
200.33

200

159.15
148.28
150
128.36
102.20
104.15 102.88
100

225.73

193.15

159.30

50
0
0

500

1000
1500
2
UV Fluence (mJ/cm )

2000

Figure C.3 : AOC profile of SR water (TOC ~ 10 ppm) with different alkalinities during
UV/H2O2 treatment
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Appendix D

Statistical Analysis of the Correlation between AOC

and BDOC

Table D.1: Results for the pilot plant study
Coefficient Std. Error t
p
0.0485
0.0519
0.9344 0.3624
0.0034
0.0005
7.3699 <0.0001
Table D.2: Results for the UV/H2O2 study
Coefficient Std. Error t
p
-0.0908
0.0606
-1.4988 0.1648
0.0055
0.004
12.5237 <0.0001
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Figure D.1: BDOC vs. AOC of UV/H2O2 treated surface waters (b=0)
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Figure D.2: BDOC vs. AOC of the pilot plant study (b=0)
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