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Abstract

Algal organic matter (AOM) is found in high concentration during algal bloom season in
drinking water systems, which is generally categorized into extracellular organic matter
(EOM) and intracellular organic matter (IOM). These compounds are not well removed in
traditional water treatment methods such as coagulation, and are the precursors of subsequent
disinfection by-products (DBPs) during chlorination of water. In this study, EOM and IOM
content of four different algae were quantified measuring dissolved organic carbon (DOC),
UV absorbance at 254 nm and turbidity. Coagulation using alum (Aly(SO4);216H,0) was
used to remove the algal matters. UV radiation and post-UV chlorination were used to
determine the DBPs formation potential of the algal matters. The DBPs such as
trihalomethanes (THMs) and Haloacetic acids (HAAs) were analyzed after disinfection
treatment. The DBPs formation decreased in coagulated algae. Compared with EOM, IOM

produced more DBPs because of higher content of protein and aromatic organic matters.

Keywords

Algae, extracellular organic matter, intracellular organic matter, coagulation, disinfection by-
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Chapter 1

1 Introduction

Algae are aquatic and photosynthetic microorganisms which utilize nitrogen, phosphorus,
sunlight, carbon dioxide as well as water to produce biomass (Pivokonsky et al. 2015).
The most commonly found algae in drinking water sources are green algae, blue-green
algae, diatoms, euglenoids, dinoflagellates, cryptomonads, yellow-green algae, and

golden algae (Knappe et al. 2004).

Algal bloom has been defined as a visible accumulation of algal biomass (Reynolds &
Walsby 1975). Temperature, light exposure and trophic status of aquatic system are the
three major factors that favor the formation of algal bloom (Merel et al. 2013). Since
algae are primarily phototrophic microorganisms, groundwater resources are not as
vulnerable to algal bloom as surface waters. Algal organic matter (AOM) is found in high
concentration during algal bloom season in drinking water systems, and it affects the
drinking water quality as one of the substantial contributors to natural organic matter
concentration (NOM) (Pivokonsky et al. 2015). Algal organic matter (AOM) is generally
categorized into extracellular organic matter (EOM) (Zheng et al. 2016), which is
excreted to surrounding environment by living algae cells. Intracellular organic matter
(IOM) is released mainly in stationary and declining growth phase, or during cell rupture
and lysis (Pivokonsky et al. 2015). These organic substances are comprised of various
compounds such as oligosaccharides, polysaccharides, proteins, peptides, amino acids, as
well as other traceable organic acids (Pivokonsky et al. 2015). The composition of

different algal matter varies with algae species (Hong et al. 2008).

Drinking water treatment began in the early 1900s, which mainly includes pretreatment
and disinfection processes. The aim of pretreatment is to remove colloid contents and
suspended solids, while the main purpose of disinfection is to kill microbial pathogens in
water to prevent the spread and prevalence of waterborne infectious diseases
(WolrdChlorineCouncil 2008). The disinfection process not only kills pathogens, but also

act as an oxidizing agent to remove taste, color, iron oxide and manganese of drinking



water, to improve coagulation and filtration efficiency, to prevent the growth of algae on
the bottom of sedimentation tanks and filters as well as the regrowth of organisms in
drinking water distribution systems (USEPA 1999a)(Wang et al. 2014)(SDWF 2012).
During drinking water disinfection process, oxidation, addition and substitution reactions
occur between disinfectant and natural organic matters (NOMs) such as humic and fulvic
acids and algal matter, as well as bromide or iodide in source water, which produce
disinfection by-products (DBPs). Since the time trihalomethanes (THMs) were found in
the 1970s, more than 600 different DBPs have been identified. Most DBPs compounds
have potential carcinogenicity, teratogenicity, and mutagenicity (Zhao et al. 2012;
Hutzinger et al. 2011; Pan & Zhang 2013). After years of research, quantitative

information of a few DBPs has been revealed.

AOM is rich in organic nitrogen and organic carbon compared with NOM, which causes
the formation of more DBPs during disinfection treatment (Lui et al. 2012). The level of
DBPs formation may vary considerably with algae species, the genus, the algal cells, the
algal growth, biochemical composition and the applied conditions of disinfection
treatment (Lv et al. 2014; Liang et al. 2012; Li et al. 2012; Lui et al. 2012; Lui et al.
2011; Huang et al. 2009). Up to now, the details of DBPs formation from IOM and EOM

solutions for different algae are still very limited.



1.1 Objectives

a) To determine the amount of EOM and IOM from four different commonly found

species of algae commonly found in surface water.
b) To determine the efficiency of a common coagulant in removing algal matter.

c¢) To determine the impact of different drinking water treatment methods, such as UV

radiation and post-UV chlorination on the formation of DBP for EOM and IOM.



1.2 Thesis Overview

There are five chapters in this thesis. A brief introduction of the research topic and
objectives is provided in Chapter 1. Chapter 2 presents the literature review related to the
pertinent research. The brief introduction of algae and algal organic matters, bloom
problems from algae, drinking water treatment processes and DBP formation is presented
in this chapter. Chapter 3 contains the experimental methods and analysis methods. The
results and discussions are presented in Chapter 4. The conclusions and future directions

are discussed in Chapter 5.



Chapter 2

2 Literature Review

2.1 Introduction of Algae

Algae are aquatic and photosynthetic microorganisms which utilize nitrogen, phosphorus,
sunlight, carbon dioxide as well as water to produce biomass (Pivokonsky et al. 2015).
Traditionally, algae are classified by the pigments and structure of their cells. For
example, green algae are named after the grass-green shade while diatoms are brown in
color (Fang, Ma, et al. 2010). The most commonly found algae in drinking water sources
are green algae, blue-green algae, diatoms, euglenoids, dinoflagellates, cryptomonads,

yellow-green algae, and golden algae (Knappe et al. 2004).



Table 2.1 List of common algae observed in drinking water sources

silicic acid.
Can perform oxygenic photosynthesis at
water temperature of 5°C

Blue-Green Prokaryotes Warm, Anabaena,
Algae Contains phycocyanin, allophycocyanin and ~ eutrophic Ap.hanizor.nenon,
chlorophyll a, which gives blueor blue-green ~ Water, above  Microcystis and
color. 25°C Oscillatoria
Produce cyanotoxins, perform oxygenic
photosynthesis
Green Algae Contains chlorophyll a and b, green color. Summer Ankistrodesmus,
Some genera are associated with taste and Chlamydomonas,
odor and filter clogging problems Chlorella,
Scenedesmus
Euglenoids Contains chlorophyll a and b, green color, Summer
capable of photosynthesis
Dinoflagellates Capable of photosynthesis and feeding on Summer and Ceratium,
bacteria and small planktonic algae. fall Peridinium
Brownish color, some genera are commonly
associated with taste and odor problems
90% are found in ocean.
Cryptomonads Contains chlorophyll a and c2, and many Temperate Cryptomonas,
pigments that mask the color of chlorophyll. climate Chroomonas,
May appear blue, blue-green, reddish, throughout Rhodomonas
yellow-brown, olive-green. winter
Light sensitive and prefer nutrient-enriched
water.
Yellow-Green Rarely present in large quantities Low Tribonema
Algae Contains chlorophyll a B-carotene, and many témperature
pigments, appears vyellow-green, bright
green
Golden Algae Synura, Dinobryon are commonly associated Summer Synura, Dinobryon
with taste and odor problems.
Appears golden-brown
Photosynthesis and feed on bacteria
Diatom Commonly associated with taste and odor Spring Asterionella,
and filter clogging problems. Optimum Cyclotella,
Appear in brown color temperature Fragilaria
Siliceous cell wall consists of polymerized 23t 10-20°C Melosira




2.2 Algae Organic Matter

2.21 Introduction

Algal organic matter (AOM) is released into water as algal photosynthesis and secondary
metabolism by-products. AOM is generally categorized into intracellular organic matter
(IOM)(Pivokonsky et al. 2015) released mainly in stationary and declining growth phase,
and extracellular organic matter (EOM) (Zheng et al. 2016) excreted to surrounding
environment by living algae cells. These organic substances are comprised of various
compounds such as oligosaccharides, polysaccharides, proteins, peptides, amino acids, as
well as other traceable organic acids (Pivokonsky et al. 2015). Hong et al gave a general
overview of major constituents of different algae species (Hong et al. 2008), which shows
that the composition of different algal matter varies with algae species. Villacorte et al
have studied different characteristics of three bloom-forming algae: growth, cell

concentration and mechanism of AOM release (L O Villacorte et al. 2015).

Both EOM and IOM are hydrophilic with low SUVA (Pivokonsky et al. 2015).
Compared with EOM, IOM is richer in proteins or peptide, more hydrophilic and have
lower SUVA value. MW fractionation shows that both EOM and IOM of green algae and
diatom contain large portions of low-MW (below 1 k Da) compounds and high-MW
(over 100 k Da) polysaccharides (Pivokonsky et al. 2006). According to Fang et al, the
MW of organic carbon in EOM and IOM is relatively lower compared with natural
organic matters. EOM and IOM are both rich in organic nitrogen. IOM has a higher
fraction of total organic nitrogen, higher fractions of free amino acids but lower fractions

of aliphatic amines than EOM (Fang, Yang, et al. 2010).

2.2.2  Separation of IOM and EOM Solutions

All the methods to separate IOM and EOM are quite similar to each other. Basically,
EOM remains in the solution after the filtration of algae solution, after which, some
procedures such as freeze/thaw cycles and physically grinding are used to kill the algae to
release IOM. Then filtration is used again to get EOM. However, the size of filtration
film, centrifugal speed and time, as well as the times of freeze/thaw cycles sometimes

vary with different algae species.



For a blue-green algae M. aeruginosa and a diatom Cyclotella meneghiniana, EOM can
be extracted by first centrifuging the cells in growth phase at 10,000g for 10 min, then
subsequently filtering the supernatant with 0.7 mm GF/F glass fiber filters
(Whatman)(Zhou et al. 2014). Subsequently, the deposited algal cells are collected and
washed 3 times with 100 mL Milli-Q water (Fang et al. 2010). To obtain IOM,
freeze/thawing (=18 °C /25 °C) cycles can be used to kill the cells to release the
intracellular materials. After 3 cycles, ultrasonic treatments (500 W, 20 min, 2 s/2 s),
centrifugation and filtration were conducted to extract the organic matter as IOM solution
(Li et al. 2012; Li et al. 2014). Grinding is another way to kill algae cells to extract IOM.
By physically grinding the cells with a mortar and pestle in Milli-Q water, IOM was
extracted, which was also followed by filtration through a GF/F membrane (Fang et al.
2010). For another blue-green algae, anabaena flos-aquae, a different 0.45mm membrane
was used to separate EOM and algae cells (Huang et al. 2009). All samples need to be
adjusted to pH 7.0 + 0.1 with KH,PO4 and Na,HPOj4 (Liao et al. 2015).

2.2.3 Algal Problems

Algal bloom has been defined as a visible accumulation of algal biomass (Reynolds &
Walsby 1975). Most algae prefer flowing water. Merel et al have summarized three major
factors that favor the formation of algal bloom: Temperature, light exposure and trophic
status of aquatic system (Merel et al. 2013). Since algae are primarily phototrophic
microorganisms, groundwater resources are not as vulnerable to algal bloom as surface

waters.

Over the years, big blooms have been observed via satellite in the lower Great Lakes
since mid-1990s (Becker et al. 2009). In 2011, the western basin of Lake Erie
experienced the largest blooms since 2002 (Bridgeman et al. 2013). The blooms,
extending over 5,000 kilometer squares (Michalak et al. 2013), have led to the closure of
beaches and drinking water advisories in both Canada and US (Pick 2016).

Blue-green algae, are one of the most problematic algae in drinking water system because
of releasing algal toxins (Jandula & MarSalek 2011). Diatom species such as Pseudo-

nitzschia are also very harmful. It was reported that the neurotoxin domoic acid produced



by Pseudo-nitzschia has killed at least three elderly people and led to at least over 100
illnesses in 1987 in North America(Lelong et al. 2012). Lelong et al. have published a
critical review paper concerning a list of diatom species, their worldwide distribution,
toxins produced and records of diatom blooms around the world (Lelong et al. 2012). A
marine diatom species Chaetoceros affinis, has been used to investigate the mechanism
and compositions of its releasing organic matters (L. O. Villacorte et al. 2015), and nano-
mechanical properties (Gutierrez et al. 2016), as well as potential fouling and removal

rate of its organic matters ( Tabatabai et al. 2014).

Wang et al. have conducted both fields and laboratory experiments on diatoms to
understand the mechanisms of blooms, the effects of varying phosphorus concentration
and hydrodynamics on the growth (Wang et al. 2012). About 16 taxa were found to be
dominant among various diatoms. Among them, Cyclotella meneghiniana was the
predominant species (Ai et al. 2015). It is also reported that Aulacoseira granulata,
Asterionella formosa and Synedra spp. co-dominated in succession with C. meneghiniana

in winter and spring (Ying et al. 2015)(Ai et al. 2015).

Algal organic matter (AOM) is found in high concentration during algal bloom season in
drinking water systems, and it affects the drinking water quality as one of the substantial
contributors to natural organic matter concentration (NOM) (Pivokonsky et al. 2015).
When compared to NOM, AOM appears to contain more organic nitrogen, more
hydrophilic content, less aromatic carbon content and have much lower specific UV
absorbance (SUVA < 2L/mg/m) (Fang, Yang, et al. 2010). It may be problematic when
AOM enters into drinking water treatment systems, because it can increase coagulant
demands, foul membranes, and produce disinfection by-product (DBPs) during
chlorination. Traditional water treatment processes such as coagulation and filtration

poorly remove the AOM (Cheng et al. 2015).
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2.3 Drinking Water Treatment Process

The flow diagram for a typical drinking water treatment plant is shown below (Figure
2.1). In drinking water treatment processes, the main purpose of pretreatment is to
remove the colloid contents, suspended solids, microorganism and heavy metals in the
raw water, whilst disinfection is mainly used to remove viruses, bacteria and
microorganisms (Environmental Ptotection Agency (Ireland) 2013; Bao et al. 2006; Jin et

al. 2011).

Water Treatment

Chemical Addition
Chlorine  Lime Alum

Sedimentation Coagulation
and Flocculation

Distribution

Figure 2.1 Typical flow of drinking water purification treatment process

(Figure Reference)

2.3.1 Pretreatment Process

Typically, the pretreatment process includes coagulation, flocculation, sedimentation and
filtration. The objectives of pretreatment are mainly to remove suspended solids and
colloidal impurities to decrease turbidity (Koohestanian et al. 2008). The size ranges of
various suspended and colloidal particles are shown in Figure 2.2 (Koohestanian et al.

2008).
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Figure 2.2 Size range of particles of concern in water treatment

Typical coagulants used in water treatment include metal salts and polymers class.
Commonly used chemical coagulants are metal ions such as A1’", Fe’" and Zn*
(Ghernaout et al. 2014; Alizadeh Tabatabai et al. 2014; Cheng et al. 2015). The
coagulants are added into raw water to neutralize the negative charges of colloids
preventing electrostatic repulsion between particles (Xie et al. 2016). The neutralized
suspended particles and colloids tend to agglomerate and form bigger particles (Lin et al.
2015). These large particles are settled in the sedimentation tank by gravity separation.
Filtration is mainly used after the coagulation and sedimentation process, to further
reduce the turbidity of the water. The effective coagulation, sedimentation and filtration,
are able to reduce the turbidity of water, to remove some of the organic matters, bacteria

and virus in water ( Tabatabai et al. 2014; Cheng et al. 2015).

Depending on the quality of the raw water, some other treatment methods may also be
added or eliminated. For instance, sediment pre-sedimentation tank or sedimentation tank
often needs to be used when dealing with high turbidity raw water. On the other hand,
sedimentation tank even be spared if the turbidity of the raw water is very low, and in that
case filtration can be directly used after the addition of coagulants. However, filtration is

a very essential part in most drinking water treatment processes.
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The surface of algae cells exhibits negative charge (Vandamme et al. 2013), so the
positively charged coagulants can be strongly adsorbed on the surface of algae cells,
neutralizing the surface charge and eliminate cell-based electrostatic effect. At some
specific pH, the metal ions in coagulants can form insoluble substances such as
AI(OH);(s), Fe(OH)s(s) and Zn(OH)(s). These insoluble substances can wrap the algae
cells network to achieve coagulation. In addition, A1’", Fe'* and other metal salts can
form [Al(OH)s],, [Fe(OH)s]n and other polymers, which can connect two or more algae
cells in the form of adsorption bridges to achieve coagulation. Chemical coagulation is
successfully used on removing Chlorella, Nannochloropsis, Neochloris and
Phaeodactylum. However, there are problems associated with coagulation such as high
cost and secondary pollution. The metal ions in coagulants and high polymer residues in
the water are extremely difficult to degrade, which may likely cause the secondary
pollution of the environment. The advantages and disadvantages of various chemical

coagulants are summarized in Table 2.2.



Table 2.2 Comparison of different chemical coagulants

Inorganic Aly(SO4)s (0.1 g/L)  Scenedesmus sp. High efficiency, (Papazi et al.
coagulants | Fe,(SO4)s (1 g/L) (0.23 g/L) C. harmful to algal 2010; Chen et
minutissima (2.2 x cells, secondary al. 2013)
10%/mL) pollution
Aluminium N. salian (15 or 20 High efficiency, (Rwehumbiza
nitrate sulphate g/L) secondary et al. 2012)
(5.4 mg/L) pollution
Ammonia (38-120 N. oculata (-*) C. High efficiency, (Chen et al.
mmol/L) sorokiniana (-) long coagulating 2012)
Dunaliella sp. (-) time, species
dependent
Inorganic Poly aluminium Scenedesmus sp. High efficiency, (Lakaniemi et
polymers chloride, (~0.2-0.4 g/L) C. harmful to algal al. 2011;
polyacrylamide vulgaris (~0.4 g/L) cells, risk of toxic ~ Chen et al.
(0.1-0.2 g/L) acrylamide 2013; Beach
et al. 2012)
Organic Chitosan (6-100 Scenedesmus sp. High efficiency, (Chen et al.
polymers mg/L) (~0.2-0.7 g/L) high cost of 2013; Beach
Chlorella sp. (0.5 g/L) coagulants etal. 2012;
N. oleoabundans (0.5 Zheng et al.
g/L) 2012)
Cationic starch Parachlorella kessleri  High efficiency, (Vandamme
(30 mg/L) (0.3 g/L) pH dependent & Foubert
2010)
Poly g-g