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Water quality remains one of the greatest conceitisregards
to human health. Advances in science and techndiagg
resulted in highly efficient water treatment plarsignificantly
reducing diseases related to waterborne pathogenic
microorganisms. While disinfection is critical tatigate
pathogen risk to humans, the reactions betweedisifectant
and dissolved organic compounds can lead to tmedtion of

chemical contaminants called disinfection by-prad®BPs).
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DBPs have been related to numerous health issolesling
birth defects and cancer. The formation of disititecby-
products occurs due to the reaction of oxidantsrextdral
organic matter. DBP precursors are derived frorhrapiogenic
sources including pharmaceuticals and chemicaley#st
breakdown of vegetation from external catchmentcssi
(allochthonous) and internally derived sourcesudiig
phytoplankton (autochthonous). Current literatweuses on
the contribution of allochthonous sources towahds t
formation of DBPs, however, the recalcitrant naifre
hydrophilic phytoplankton derived organic mattetioates that
autochthonous derived organic carbon can signifigan
contribute to total DBP concentrations. The comnititn of
phytoplankton to the formation of DBPs is alsoueiiced by
cellular exudation rates, chemical composition,iremmental
conditions and the physical and chemical conditmirthe
solution upon disinfection. Formation of DBPs istfier
influenced by the presence of cyanobacteria phytatd their
notoriety for forming dense blooms. Management BPD
formation can potentially be improved by reducing
cyanobacteria as well as DBP precursors derived tither

phytoplankton.
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Abbreviations:

AOM - Algal organic matter

C-DBP — Carbonaceous disinfection by-product

CP — Chloropicrin

DBP — Disinfection by-products

DBPFP — Disinfection by-product formation potential

DHAA - Dihaloacetic acid

DCAA - Dichloroacetic acid

DHAN - Dihaloacetonitrile

DOC - Dissolved organic carbon
DON - Dissolved organic nitrogen
EOM - Extracellular organic matter
HAA — Haloacetic acid

HAN — Haloacetonitrile

HK — Haloketone

IOM — Intracellular organic matter

LRV — Logy reduction value

N-DBP — Nitrogenous disinfection by-product

NDMA —N-nitrosodimethylamine

NLA — National lake assessment
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NOM — Natural organic matter

TCAA - Trichloroacetic acid

THAA - Trihaloacetic acid

THM — Trihalomethane

THMFP — Trihalomethane formation potential

TOC - Total organic carbon

TOX — Total organic halide

US EPA- United States Environmental Protection Agency

UTOX — Unknown total organic halide
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1.1 Introduction

Chemical disinfection is vital for the continuedfaction from
bacterial, viral and some protozoan pathogenstt@dommon
disinfectant chlorine is effective against a ranfthese
pathogens (Table 1). While disinfection is crititmimitigate
pathogen risk to humans, the reactions betweedisirgectant
and dissolved organic compounds can lead to tmedton of
chemical contaminants called disinfection by-pradDBPS).
The formation of DBPs results in a residual, umdisd health

hazard (Richardson 2003).

1.1.1 Disinfection By-product Formation

Understanding how DBPs are produced is essential fo
determining the mechanisms by which phytoplankt@y m
contribute to their formation. In addition to effieely killing
pathogens, disinfectants are strong oxidising ageile to
oxidise complex natural organic matter ( NOM) males into
simpler moieties (Richardson and Postigo 2011)s Thoften
exploited to improve the treatability of the organarbon pool
prior to coagulation/flocculation, termed ‘pre-oatibn’.
However, the disinfectant can react with readilgikable
NOM and/or inorganic constituents to yield DBPsidgithe
disinfection process and throughout the distributietwork.
Therefore, it is intuitive that the formation aniély of DBPs is

dependent on the availability of NOM, choice ofinfisctant,
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the presence of inorganic compounds and the pHysica

conditions of the reaction.

Although there are a range of disinfectants (cimone, ozone,
chlorine dioxide) chlorine is commonly utilised fitg low cost
and capability to retain a disinfection residudieTchemical
structure of the DBP formed is also influenced ey presence
of inorganic constituents, such as bromide, iodikeites and
nitrates and the physical conditions of the reacffigure 1).
Disinfection by-products were discovered with the
identification of trihalomethanes (THMs) in 1974 Bgllar et
al. (1974) and Rook (1974); since then there have been
600 DBPs identified in drinking water or simulaied
laboratory experiments (Deborde and von Gunten 2d@8ert
et al. 2010). Given the imperative to disinfect, mecharsisre
required to minimise formation of these chemicalteminants.
Considering the range of possible chemical inteastand
DBPs that may be formed, the removal of DBP premrsrprior
to chlorination is the preferred approach and kasived the
most attention in recent literature (Bogtchl. 2011). This can
be achieved either by preventing DBP precursorsrignt the
water body or removing them from the source water po

disinfection.

Disinfection by-product precursors are derived from

anthropogenic compounds, the breakdown of veget#toon
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external catchment sources (allochthonous) and invennal
sources including the phytoplankton (autochthonous)
Anthropogenic sources of DBP precursors include
pharmaceuticals and chemical wastes, which camadeite in
waterways due to their difficulty to remove durimgatment.
The transformation of pharmaceuticals to DBPs dytine
disinfection process has been detailed by Postigo a
Richardson (2014). The contribution of catchmemiveel-
allochthonous NOM towards DBP formation varies lestw
catchments depending on local climate, soil typgetation
and the morphology of the watershed. The relatorérdoution
of autochthonous carbon will be a function of rertiload and
phytoplankton growth. Allochthonous organic matiéen
exceeds autochthonous carbon as the dominant eseugye
in humic and oligotrophic lakes, whereas autochtiusn
organic carbon is often the dominant energy soimrce
productive, eutrophic lakes (Jonssaml. 2001). It is expected
that autochthonous NOM will also be the dominantrse of
DBP precursors in environments exposed to low t@rimittent
rainfall events (Solet al. 2008). The organic matter is removed
during the coagulation process; however, autoclahen
organic matter can be harder to treat due to higher
concentrations of hydrophilic compounds (Babdl. 2011,

Lui et al. 2011). Therefore, phytoplankton dominated systems
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may cause problematic DBP formation within the wate

treatment plant and distribution network.

The majority of the literature pools various sogro€ NOM or
focuses only on allochthonous contributions to O8fnation,
with minimal studies considering the contributioomn
phytoplankton (Hongt al. 2008; Fanget al. 2010b; Liet al.
2012). This review is necessary given the limitealability of
comprehensive DBP literature reviews, highlighting
significance of phytoplankton derived organic maéte a
viable DBP precursor. As algal-derived organic oarls
generally more recalcitrant to conventional treattreis
imperative that the total contribution of phytotéon to the
formation of DBPs is thoroughly understood for imyed
management. This review aims to assess the pdttortia
phytoplankton-derived DOC to form DBPs by determdnihe
phytoplankton contribution to the organic carboadan
reservoirs and identify the cellular constituerfts o

phytoplankton that may react with the chlorine.

1.1.2 Disinfection By-product Toxicity

Currently only 15 of DBPs are regulated by the Waitkalth
Organisation (WHO) as these compounds have sufficie
toxicological evidence of carcinogenity, genotoi@r

adverse reproductive incidences (Richardsta. 2007;
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Krasner 2009; World Health Organisation 2011). Libss 100
of the 600+ known and emerging DBPs have undergone
quantitative or toxicology studies (Hebetil. 2010).
Although many of the studied DBP chemicals produced
harmful effects, attribution of toxicology to humhealth
outcomes is difficult (Hrudey 2009). Furthermoteere is not a
consistent approach by which DBPs are regulatedtaniey
authoritative organisations adopt/set unique 6§9BPs with

significant variation in guideline values (Table 2)

Comprehensive genotoxicity experiments assessdd titro
cytoxicity on Chinese hamster ovary cells when egplato
various classes of DBPs (Plewtzal. 2004a; Plewat al.

2004b; Plewat al. 2008) These experiments provide evidence
that the toxicity for various substituted DBP haogted
functional groups is, | > Br > Cl, and that nitrogeis DBPs
(N-DBPs) are generally more genotoxic than carbeoas
DBPs (C-DBPs). This suggests that regulated cadsms and
chlorine substituted DBP classes have lower gemnotox
activities than other emerging DBP classes (Rictamet al.
2007). Therefore, some classes of DBPs that hayrehi
associated health risks are not being routinelyitamed under
current guideline standards. The higher genotoxafitN-

DBPs is of concern given that phytoplankton areificant
contributors to dissolved organic nitrogen (DONJI ame

known to promote the formation of N-DBPs (Mitchagt

10
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2009). A potential increase in more genotoxic N-BBRay
give rise to associated health risks with DBP exposclude;
the potential association with bladder cancer, @ as links to
miscarriages and birth defects (Hrudey 2009, Thonssal

Sarkar 2014).

N-nitrosodimethylamine (NDMA) is a N-DBP of signiéint
concern, given nitrosamines are classified as mwagenic,
mutagenic and teratogenic (Choi and Valentine 200RDMA
is predominantly formed from reactions between i&ftne
and dimethylamine, whilst also forming in chloriedtwater in
the presence of ammonia (Choi and Valentine 2002¢port
by Mitch et al. (2009) found that significant NDMA precursors
are only dominant in wastewater samples, whilstlalg
dominated and pristine water samples were lesdqur@ttic in
generating NDMA concentrations under typical chioirze
disinfection. In contrast, NDMA formation from ploygiankton
indicated that extracellular organic matter (EOMgla
intracellular organic matter (IOM) are capable miqucing
NDMA concentrations above the local Californian b
health goal of 3ng/L (Lét al. 2012). Further investigation is
required due to contradictions on NDMA formatiortgydial

from phytoplankton precursors.

11
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2.1 Phytoplankton Contribution to Total NOM Pool

To determine how much carbon phytoplankton canrdmrte
to the NOM pool it is necessary to obtain an esenad the
proportion of autochthonous and allochthonous NOikhiw a
lake or reservoir ecosystem. A large-scale assegsmha
broad range of aquatic environments has to be cataghl A
meta-analysis of the U.S. EPA National Lake Assesgm
(NLA) dataset of 1326 total sample points in 1076.Uakes,
provided a snapshot of a range of physical, chdraiwa
biological lake properties (EPA, 2009, Rigesal. 2014). The
lakes used in the NLA were selected from the U.&idval
Hydrographic dataset using a generalised randoseltason
stratified survey design (Stevens and Olsen 2004surveyed
lakes located across the lower 48 U.S. states Imaidienum
depth of 1 meter and a minimum surface area of knf1
Sampling for the NLA was conducted during the sumaie
2007 to minimise the influence of seasonal vanmatitotal
organic carbon (TOC) and chlorophgltoncentrations were
recorded, allowing for a snapshot estimate of thgqplankton
derived organic matter relative to the total orgardarbon pool.
To achieve this we used comparative ratio betwet t
chlorophylla and TOC concentrations. The carbon to
chlorophylla ratio varies due to species composition and light
exposure, with numerous studies reporting carbon to

chlorophyll ratios between 27:1 and 83:1 (C:ChRgynolds

12
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1984; Riemanret al. 1989; Yacobi and Zohary 2010). The
Reynolds estimation (C:Chla 50:1) is used as aeigén
prediction of carbon based on values of chloropayf a
general phytoplankton pool, whereas other estimatare
species specific. The chlorophyll a concentratioos the
EPA database were multiplied by the carbon to ciployll
ratio (C:Chla 50:1) to estimate how much carbon feasd
within the phytoplankton (Figure 2). Autochthonaasbon
estimations from the US EPA National Lake Assessmen
indicated that in 520 of the sampling locations3®12% of
samples, phytoplankton biomass contributed >10%edotal
carbon pool (Figure 2). This analysis provides stimete of
the standing pool of TOC within each lake, howettee, TOC
in phytoplankton is continually turning over aslséix
atmospheric C@converting it to organic carbon. As the
phytoplankton cells lyse the organic carbon entezsdissolved
fraction of the carbon pool. It is evident fromghinalysis that
phytoplankton can contribute a significant amourdarbon to

the total dissolved carbon in a lake or reservoir.

An analysis of carbon sources in Myponga Reser&aitth
Australia, identified that phytoplankton contribait25-50 % of
the total dissolved organic carbon (DOC) to the NEdbI
during a period of low annual rainfall when alldotsious
inputs were reduced (Linden 2008). The contributbn

phytoplankton to the total DOC pool is dependenthan

13
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trophic status of the lake and the catchment chexiatics. For
example, Badet al. (2007) measured phytoplankton
production of two oligotrophic lakes at ~20 % wheese
Carpenteet al. (2005) made reference to a eutrophic lake
where phytoplankton production was accountableomuch
as 40% of the total DOC pool. Therefore, phytoptankcould
be a significant DBP precursor in in similar eupbglystems,
and during periods of low rainfall. Several speadés
phytoplankton form blooms in eutrophic water bodiesulting
in water quality degradation and an increasedtadRBP
formation (O’Neilet al. 2012). To gain more insight into how
much autochthonous carbon phytoplankton contritutae
total NOM load it is necessary to consider phytogtan
chemical composition, growth and mortality ratesdjutar
exudation, cell lysis and loss of settling of cellkis would
require sophisticated modelling beyond the scophisf
review, however, both the Myponga Reservoir exaraplt the
US EPA Lake analysis suggest that phytoplankton can

contribute a significant amount of organic carbotekes.

2.1.1 Influence of Natural Organic Matter on DBP
Formation
The chemical composition of allochthonous NOM ifirg=d by

local climate and catchment characteristics, inolgidhe soil

14
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325

and vegetation type (Frimmel 1998; Aitkenhead-Peieet al.
2003). The characterisation of NOM into operatigndéfined
fractions described by Leenheer and Croué (2008 pihin
the prediction of DBP formation potential (DBPF®sp
chlorination (Figure 3). Humic and fulvic acidsdngcarbons,
tannins and aromatic amines are contained witten th
hydrophobic fraction. Terrestrial NOM is commonkgrived
from lignin and contains a high aromatic conteetd¢e
allochthonous NOM tends to be hydrophobic in ch@rac
(Hwanget al. 2001; Boncet al. 2011). Alternatively,
carboxylic acids, polyuronic acids, amino acidftkes,
proteins and carbohydrates are commonly containtgurvthe
hydrophilic fraction. Autochthonous NOM is derivedm
phytoplankton, macrophyte and bacterial sourcassisting of
low aromatic and high nitrogen content; indicatingt
autochthonous NOM tends to be predominantly hydfigph

character (Bonét al. 2011).

The hydrophilic organic carbon fraction is lessraao
coagulation and as a result is partially recaloitta
conventional treatment methods (Singer and Hawimdo93;
Kim and Yu 2005; Matilainest al. 2010; Luiet al. 2011).
Eutrophic systems dominated by phytoplankton sgeaa
provide NOM with high hydrophilic content. Et al. (2012)
analysed the relative hydrophobicityMfcrocystis aeruginosa

using XAD and IRA resin fractionation technique €Vh
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demonstrated that hydrophilic organic matter act®tor 86 %
of IOM and 63 % of EOM fronMicrocystis aeruginosa. This
has implications for the water treatment procedd@s from
phytoplankton will be partially recalcitrant to agmtional
treatment methods. Furthermore, ketal. (2011) reported that
hydrophilic NOM derived from algal protein can irase the
DBPFP, in comparison to hydrophobic proteins. Tésearch
suggested that hydrophilic proteins were 35 timesem
effective as precursors of chloroform. Due to ehtpgevalence
of hydrophilic content, the DOC from autochthonous
phytoplankton production can significantly incredise

DBPFP, even after conventional treatment.

2.1.2 Growth and Mortality Rates

The contribution of phytoplankton to the NOM poahd
resulting DBPFP can be further quantified with an
understanding of population dynamics. Comprehension
species composition and distribution involves krexge of
phytoplankton growth and mortality rates. Populatitynamics
provide insight into how rapidly autochthonous aiganatter
derived from phytoplankton can enter the system.
Phytoplankton are capable of rapid growth, withvigiial
organisms expressing doubling rates between 6 hour@
days (Harris 1986). Smaller cells generally repédaster than
larger algal cells. The fast growth rate of physmiton results

in the rapid turnover of autochthonous NOM withie take

16
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and results in a large pool of carbon that couddtréo form
DBPs. During the life cycle of phytoplankton, tletease of
DOC can be substantial, ranging from 9-67 % ofl totemary

production (Hwang 1993).

Phytoplankton mortality rates also greatly impatait
contribution to the autochthonous organic mattel.poosses
within the phytoplankton community occur as a restil
sedimentation, natural cell lysis, flushing, patiasi and
predation (Crumpton and Wetzel 1982; South and tkit
1987). In the event of phytoplankton mortality yadellular
content is released into the water column raidiegavailable
NOM content for DBP formation. In a study of phyfakton
mortality rates by Crumpton and Wetzel (1982), gngavas
considered the dominant cause of phytoplanktonatityt
During ingestion by zooplankton, 16-37 % of algatlmon
content can still be released as available NOM;eqtible to
DBP formation upon chlorination (Lampert 1978; &tret al.
1997). Alterations in phytoplankton species domagmrowth
and mortality rates provide evidence of a boom launst
lifecycle, resulting in NOM accumulation that issseptible to

DBP formation upon chlorination.

2.1.3 Cellular Exudation
Phytoplankton contribution to the NOM pool is aisoreased
by natural exudation of dissolved organic matter.

Phytoplankton excretion of NOM is theorised to accu

17
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continuously, or as a result of environmental sives
(Malinsky-Rushansky and Legrand 1996). The rateetitilar
exudation is enhanced by an increase in UV radiatioser to
the surface of the water (Kohletrral. 2001). The increased
extracellular release has been linked to the actation of
excess photosynthates or products of photosyntflesig
1983). Experiments have closely related the ratxatlation to
the rate of primary production (Mageeal. 1980; Desct al.
2002). To estimate percentage of extracellulamsgdeBaines
and Pace (1991) assessed published results baga®bon
observations of phytoplankton extracellular relegseticulate
primary production and biomass values. The metéysisa
determined that approximately 13 % of total carbeed by
phytoplankton is exuded by cells and found exttatzly
(Baines and Pace 1991). This indicates that théopkgnkton
continuously contribute a significant NOM load beir
surrounding environment, further increasing thie aEDBP

formation.

There is significant variation in extracellularease between
individual species and phyla. A study compared NOM
production per unit of chlorophydl, per hour for a species of
cyanobacteria(scillatoria prolifera), green algae
(Scenedesmus quadricauda) and diatom Chaetoceros muelleri)
(Nguyenet al. 2005). The study indicated that cyanobacteria

had the highest rate of DOC exudation (9.0 pg CGhlg)™*h
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1), followed by green algae (3.6 pg C (ug @nth™) and
diatom species (1.1 pg C (ug Ghth™). The continuous rate
of cellular exudation equates to a large autochabsrcarbon
input, particularly in eutrophic systems wherergdésbiomass
of phytoplankton is usually present. Increasedchitjonous
DOC input from continuous cellular exudation camepdially
further increase the DBP formation upon chlorinatihe
natural cellular exudation of organic matter igeén greater

concern to water treatment in the event of an dgadm.

2.1.4 Phytoplankton Blooms

Excess nutrient supply and adequate exposure wtikin
euphotic zone can result in a phytoplankton blogamée
Eutrophication of freshwater environments from uba
agricultural and industrial development has resiitean
increased frequency of phytoplankton blooms (Paredl
Huisman 2008). Numerous phytoplankton genera apgvkrio
form blooms; however, cyanobacteria are most notsr{Paerl
et al. 2001). Measurements bficrocystis aeruginosa blooms
by Oudraet al. (2001) have indicated cell densities exceeding
10P cells/mL. Cyanobacteria blooms often occur as serfa
blooms, due to the presence of gas vesicles thaider
cyanobacterial cells with buoyancy and promotefoheation
of a thick scum across the surface of the watawvéOét al.
2012). Phytoplankton blooms significantly incretise

concentration of autochthonous NOM due to increasdd
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biomass resulting in accelerated rates of cels|ysarasitism,
predation and cellular exudation. During a bloorargyrapid
carbon turnover significantly increases autochtlusnarganic
matter content. As the hydrophilic fraction is mogealcitrant
to removal by coagulation, organic matter will gatrough
the distribution system resulting in the increaskldrine

demand and DBP formation (Lei al. 2011).

Phytoplankton are important DBP precursors, indiddty a
boom and bust lifecycle, rapid cellular exudatioydrophilic
dominant cellular composition and the formatiorhifhly
concentrated blooms. Research conducted by Graham
(1998) indicated that cellular exudation and DBRrfation
increased with the age of the culture. There wgslee in yield
of DBPs during the late stationary death phaséetell
lifecycle. The correlation between DBP yield ané afthe
phytoplankton culture occurs due to the breakdof\starage
products into more chemically reactive compoundstae
consequential release of these compounds (Graham

1998).

2.1.5 Chemical Composition of Phytoplankton

Differences in the chemical composition of phytoyten
between individual species results in the alteratibcellular
production rates, structural characteristics, ¢héoreactivity

and the biological lability of NOM synthesised (Vgmet al.

20



450  2005). Phytoplankton have three major classed biecotes;
451  proteins, lipids and carbohydrates. The conceomadf these
452 major biomolecules can be measured to determineethdar
453  composition of phytoplankton. Surrogate compounuisrie
454  serum albumin (BSA), fish oil and starch can beduse

455  investigate how variations in phytoplankton composican
456 influence the formation of DBPs (Homgal. 2008; Weiet al.
457  2011). The model compounds are considered to biststally
458  reliable surrogates due to chemical similaritiesvieen BSA,
459  fish oil and starch and the respective algal derpmteins,
460 lipids and carbohydrates. Hoegal. (2008) determined the
461  DBPFP upon chlorination of the three model compsund
462  (chlorine dose = 10 mg ,§2Img'1 C, contact time = 96 hour,
463  temperature = 20 °C, pH = 7). This work identiftedt lipids
464  and proteins were more effective precursors ofltHE

465 chloroform and that proteins are also a dominaatymsor for
466  two haloacetic acids (HAAS); dichloroacetic acidd®A) and
467  trichloroacetic acid (TCAA). Starch was not ideietif as a
468  major contributor to the formation of DBPs (Hoetgal. 2008)
469 (Table 3). The use of model compounds to prediel DBPFP
470  of phytoplankton is based on two assumptions;Ha) algal
471  cellular content is 100 % comprised of proteinzds and
472  carbohydrates, and (2) that carbon percentagestsips,
473  lipids and carbohydrates are 53 %, 76 % and 40syectively

474  (Honget al. 2008). Results obtained from the chlorination of
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model compounds were then used to predict the DRRPBB
species across three phyla based on their knowniche
compositions; cyanobacteria (8 species), greered[tfa
species) and diatom (26 species) (Table 4). Estmabf
chloroform formation closely matched experimentatia
however, DCAA and TCAA concentrations were sigrifidy
underestimated. It is likely that the presence SARDNA and
aromatic compounds resulted in higher than antiegba
haloacetic acid concentrations (Kiétsal. 2002; Honggt al.
2008). The results identify that phytoplankton cieah
composition changes the formation potential of DBE&sSNg

chlorination.

Although chemical variation exists between indiatispecies,
general trends in cellular constituents are evidendss
cyanobacteria, green algae and diatom phylum. Aamet
analysis of the chemical composition of phytoplankspecies
indicates that cyanobacteria are generally comghiagenore
protein (41-69 %) than diatoms (12-50 %); howevatans
generally accumulate more lipids (5-43 %) in corngar to
cyanobacteria and green algae (2-30 %) (Hetrad. 2008).
Higher concentrations of proteins within cyanobaatepecies
may cause problematic DBP formation within the wate
treatment plant due to higher efficiency of prot@iriorm

THM and HAA species. Growth experiments have also

indicated that diatom and cyanobacteria cell cayproduced
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in excess of 20 mg/L of DOC which was significantipre in
comparison to the green algae cell culture whichipced
between 10-12 mg/L of DOC (Nguyehal. 2005).
Phytoplankton are also a major source of DON iinaét
waters, with some species of cyanobacteria capdble
excreting up to 45 % of their total fixed nitrogas organic
nitrogen (Nguyeret al. 2005; Zhanget al. 2014). The
chlorination of phytoplankton enriched with organitrogen
resulted in an increased formation of N-DBPs (Fetray.
2010b). This has major implications for water giyalithin
the water treatment plant due to the higher gencitgx
associated with N-DBPs (Richardseiral. 2007). Therefore,
cyanobacteria species are of significant conceth wgigards to
DBP formation due to higher protein concentrationsteased
DOC formation, high DON contribution and notorietfy

forming blooms.

2.1.6 Intracellular vs Extracellular Organic Matter
Phytoplankton derived organic matter arises from $aurces,
the metabolic excretion forming extracellular origamatter
(EOM) or via cell lysis, where intracellular orgamatter
(IOM) is released from a break in the cell wall (idersoret
al. 2008). The extracellular release of organic médtten
phytoplankton is dominated by proteins and carbodiys (38
% < 1kDa) as waste and excess photosynthetic dizega

(Reynolds 2007; Let al. 2012). A high concentration of
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525  proteins would result in substantial formation &®s (Hong
526  etal. 2008). A comparison of EOM and IOM allows for

527 increased precision when estimating the total DBRERIn the
528  water treatment plant. A study by étial. (2012) assessed
529 cyanobacteridlicrocystis aeruginosa, to compare total

530 contribution of EOM and IOM to organic matter yieldd DBP
531 concentrations. EOM contributed significantly lesganic

532  matter than IOM, 29.7 and 100.5 mg/L respectivelgwever,
533 assessment of DBP formation indicates that EOMrinried
534  more to the formation of both THMs and NDMA per ofg
535 carbon when water samples were subjected to chlwimand
536  chloramination (Figure 4) (Let al. 2012). In comparison to
537 IOM, EOM is represented as a significant contribatothe
538 formation of DBPs, inferring that species with egka

539  surrounding mucilage component and high celluladexion
540 rate will have a greater contribution to the forimatof DBPs
541  (Nguyenet al. 2005; Liet al. 2012). A corresponding study by
542  Huanget al. (2009), identified that specific yield from EOM
543  resulted in a slightly higher total THM and HAA {de

544 compared with the IOM foAnabaena flos-aquae. However,
545  the opposite trend was observed Nbicrocystis aeruginosa,
546  contradictory to results by let al. (2012). Variability in

547  species strain, light and nutrient availability &r®wn to alter
548  the production of EOM and are a likely explanation

549 variations between the two studies (Magual. 1980;
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Reynolds 1984). Both studies identified, using asrepecific
comparison, that IOM was the main contributor ® th
formation of DBPs due to the significantly largentribution
of NOM (Huanget al. 2009; Liet al. 2012). This mass specific
comparison of EOM and IOM indicated that intrackaliu
content contributed 77.2, 80.9, 63.3 and 77.2 %hefotal
organic matter, THMFP, HAAFP and NDMAFP respectyvel
(Li et al. 2012). The auto-lysis of phytoplankton cells will
release excess DOC that is comprised of up to 86 %
hydrophilic matter remaining recalcitrant duringhgentional
water treatment. Therefore both IOM and EOM conuitieb

significantly to the formation of DBPs.

3.1 Other Contributing Factors to DBP Formation
Disinfection by-product formation is influenced by
environmental conditions, the choice of disinfettan
concentration of inorganic moieties such as broraiui
iodide, and the physical conditions of the chemieakttion
including; temperature, pH, dosage of disinfectard contact

time of the reaction.

3.1.1 Environmental Conditions
To enable adequate growth and proliferation of gblgnkton
the physical, chemical and biological conditionstef lake

have to be suitable. The impact of climate draradlyialters
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574  community composition with variation of species dioamce
575 depending upon the mixing/stratification regime anttrient
576  availability (Lund 1965). Typically green algae aidtoms
577  rely on vertical mixing of the water column to ramantrained
578 and ensure adequate exposure within the euphatie o

579  satisfy their light requirements (Brooketsal. 2003; Oliveret
580 al. 2012). Warm conditions that enable stratificationlevelop
581 can favour the gas vacuolated cyanobacteria. Gimiaange
582  scenarios indicate that freshwater systems withgmosed to
583 increased temperatures, more intense and longexdpesf

584  thermal stratification and altered nutrient loadgeptially

585 favouring cyanobacteria over other phytoplanktarugs

586 (Careyetal. 2012). Increase in cyanobacteria production due to
587 the effects of climate change is of concern givesirtchemical
588 composition, contribution to DOC and notoriety ofrhing

589  blooms.

590 Nutrient availability is fundamental for phytoplaok growth,
591  with limiting nutrients reducing the growth. Carhaitrogen
592 and phosphate have often been considered to testric

593  phytoplankton growth (Hecky and Kilham 1988). Rewseby
594  Hecky and Kilham (1988) and Guildford and Hecky@@pon
595  nutrient limitations have identified that phosplsru

596 concentration is the critical limiting nutrient th@gulates algal
597  biomass and growth rates within most freshwatetesys

598 (Nagaret al. 1974); although nitrogen limitation can occur in
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freshwater systems (Baketral. 2000). In an evaluation of
historical data from Myponga Reservoir, South Aaisdr
Lindenet al. (2004) compared the maximum annual total
phosphorus (TP) and the maximum chlorophyibund in the
following growth period in the years between 1988 2000
(Figure 5). They showed chlorophgliconcentrations as a
measure of phytoplankton abundance increasedals tot
phosphorus increased supporting earlier works (Balk@
1966; Vollenweider and Dillon 1974; Jones and L882).
This indicates the significant role that phosphgiays in
determining both the rate of phytoplankton growtl ¢he
carrying capacity of a lake, which would determtine yield of

organic matter produced.

3.1.2 Disinfection Agent

The choice of disinfectant is important in deterimgnwhat
DBPs can be formed in the presence of NOM and amioy
matter. Chlorine is predominantly used as a distaf& for
water treatment due to its low cost and stabitityjt provides a
residual to prevent microbial regrowth throughdt t
distribution network (Boneét al. 2011; Fabrigt al. 2012;
Zhanget al. 2014). At a pH < 7.5 chlorine dissolves in water t
form a strong oxidising agent, hypochlorous acapable of

oxidising NOM. Due to public health concerns regagdDBP
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formation, there has been an increasing interesiein

substitution of chlorine by other disinfectants.

Hua and Reckhow (2007) used natural surface watdiected
from Newport News Virginia to study the DBP fornuati
potential using five oxidants; chlorine, chloramibeth with
and without pre-ozonation, and chlorine dioxide.nlimimise
variation between experiments the temperature (R (7)
and reaction time (48 hours) were held constamariye of
DBPs were monitored, including four chlorinatedfbimated
THMSs, nine chlorinated/brominated HAAs, three
dihaloacetonitriles, two haloketones, chloropi@aim total
organic halide (TOX). There were several notabke@umes
from this experiment; each disinfection scenaric wapable of
producing a unique range of DBPs with a large pesgge of
unknown halogenated compounds (UTOX) formed. Tleeafis
Ozone and chloramines as disinfection agents esbirtthe
increased formation of nitrogenous DBP’s that arewn to be
more genotoxic. When Ozone was used in conjunetitim
chloramine the concentration of UTOX increased tuiimlly.
This increase in UTOX was also achieved when chiara or
chlorine dioxide were used as the sole disinfectEimese
results indicated that the issue of DBP formatianrot be

resolved simply by using an alternate disinfecagent.
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The investigation of DBP formation from variousidfectants
by Hua and Reckhow (2007) can provide an undersigraf
what DBPs are likely to form when the source watertains
higher concentrations of hydrophilic, phytoplanktterived
organic matter. Analysis of chloramination and cinlation of
phytoplankton by Fang et al. (2010a) identifiechgigant
differences in DBP yields between the two treatment
Chlorination of Maeruginosa culture resulted in increased
formation of N-DBPs and haloaldehydes, with reduCeldBP
formation in comparison a dominant humic NOM source
Alternatively, chloramination of phytoplankton auwlé resulted
in a slight reduction of total DBP formation in cparison to a
humic NOM source. The use of a strong oxidiser agbzone
can result in an overall increase in DBP formatae to its
ability to lyse algal cells, releasing IOM and ieasing DBP
formation during subsequent chlorination/chlorartiora(Fang

et al. 2010a).

When choosing a disinfection agent it is also intgoatrto
consider other issues including; the inability étain
disinfection residual (ozone), inefficiency agaitasite and
odour compounds (chloramine), higher concentration
unknown total organic halide (UTOX) with a poteiiyidnigher
genotoxicity (chloramine, ozone/chloramine, chlerahioxide),
and higher chemical costs (ozone, ozone/chlorine,

ozone/chloramine) (Nikolaoet al. 1999).
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3.1.3 Dose and Contact Time

Application of chlorine for the efficient disinfeah of potable
water supplies is driven by the maintenance oflartie
residual post treatment, influenced by dose comatan time
and the contact time of the reaction. A chlorinecamtration
of 0.5 mg/L at point of delivery is recommended (WidHealth
Organisation 2011). A reduction in chlorine dose akow for
incomplete removal of biological pathogens or ifisignt
chlorine to reach the end of the distribution syst€hlorine
residual less than the recommended concentratioalt@w for
microbial regrowth throughout the distribution netk,
exposing consumers to an increased risk of diseaise
waterborne pathogens. However, excess chlorine cose
result in an escalated health risk by increasitaj ©BP
formation (Sadiq and Rodriguez 2004). For exanpldib
and Ali (1995) observed that upon chlorination deNRiver
water total THM formation increased from 70 to 8¥luwhen
chlorine dose was increased from 5 to 20 mg/L retspedy
(contact time = 2 hours, pH = 8, temperature = 202Csimilar
relationship was observed by Dojlidbal. (1999), identifying

peak HAA concentrations when chlorine dose wasédsgh

Contact time with chlorine also influences the fation rates
of DBPs (Nikolaowet al. 1999). EI-Dib and Ali (1995)
determined that total THM formation ranged fromt8®0

pg/L when contact time was adjusted from 30 to 2di@utes
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respectively (Gldose =5 mg/L, pH = 8, temperature = 20°C).
A corresponding experiment by Liang and Singer 800
supports these results, whilst suggesting that HAA
concentration also increases with prolonged cortitaet
However, increased contact time can also restlian
decreased concentration of some halogenated DBR&ling
haloacetonitriles (HANs) and haloketones (HKs) assalt of

hydrolysis and further reactions with chlorine §&n1994).

An increase in chlorine concentration and contaw during
the disinfection of a phytoplankton dominated systes the
potential to significantly increase DBP formatioriwa
probable increased production of N-DBP. Chlorineedand
contact time affects phytoplankton cell integritgieasing
intracellular content for further reaction (Dayal. 2007).
Further research is required to determine how oidatose
concentration affects the rate of DBP and moreifipalty N-

DBP formation from phytoplankton derived organieqursors.

3.1.4 Temperature

Disinfection by-product formation is also influenicley the
temperature and pH of the water during treatmeeseBrch by
Roccaroet al. (2008) studied the effects of temperature on
chlorine consumption and formation of DBPs from Huac

Reservoir samples. It was evident that chlorinesaamption
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accelerated as temperature was manipulated fran83°C and
disinfection by-product formation increased as tieac
temperature was altered from 3 to 20°C. A furtherease in
temperature from 20 to 34°C resulted in a shiDBP
speciation to a less brominated pool. Higher teatpees result
in increased reaction rate kinetics causing fastdrhigher
yielding formation of DBPs (Fang al. 2010b). This has
seasonal implications suggesting that DBPFP will be
maximised during summer, when ambient temperatanes

higher (Nikolaou and Lekkas 2001).

Phytoplankton population densities are strongliugriced by
seasonal fluctuations, typically peaking in summbken water
temperatures are at a maxiumum and stratificaionast
strongy developed (Reynolds 1984). Although phyoklton
are capable of surviving subarctic and arctic clesatheir
growth rates are substantially diminished (Rastial. 2011).
The optimum temperature and the degree to whiciihroate
increases with temperature; differ greatly between
phytoplankton species. The Q10 temperature coeffidor
growth describes the rate of change of growthwétie a 10°C
change in temperature. The Q10 for cyanobactenigera
between 1.8-4.3 and for chlorophytes 1.1-3.7 (barét al.
2013). Therefore warmer temperature will accelerate
phytoplankton growth and phytoplankton-derived DOC

concentrations. An increase in phytoplankton-deri©C
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will result in increased concentrations of hydrdighorganic

matter contributing to DBP formation upon chlorioat

3.1.5pH

The effects of pH on DBPFP is more complex asénaically
alters the speed of the rate determining stepeofdéhction
(Bondet al. 2011). Therefore, the effect of pH on the formatio
of DBPs is defined by the chemical structure ofghecursor.
Research by Hua and Reckhow (2008) assessed ¢hefrat
formation of THMs, dihaloacetic acids (DHAA), trilbacetic
acids (THAA) and UTOX at pH values of 5, 7 and DDC =
4.7 mg/L, chlorine dose = 8.1 mg/L, contact timé2=hours,
temperature = 20°C). The yield of THMs and DHAAs
increased as pH was elevated from 5 to 10. Howéhver,
opposite effect was observed for the formationldARs and
UTOX. A decrease in TOX concentration from 930 7& &nd
768 ug/L was also observed as pH increased fram/%and 10
respectively. The reduction in concentration of eddiBPs
may result from accelerated hydrolysis and dehalatien at
higher pH values (Singer 1994; Hua and Reckhow R008
Therefore it would be critical to determine theeetfof pH on
DBP formation from phytoplankton precursors, toldaa
more accurate prediction of DBPFP speciation aritity.
Phytoplankton are able to modify the pH of the waige to
formation of by-products from photosynthesis arspnetion.

During the day photosynthesis increases with irsinga
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exposure to light, consuming free £€&nhd increasing 9
production; resulting in an increase in alkalin#y.night the
opposite is true, photosynthesis rates decreasesapitation
increases, raising G@oncentrations; resulting in an increase
in acidity (Wetzel 2001). Therefore during a bloewent the
time of the day will considerably influence the pfthe water
and may indirectly impact DBP formation where predation

is practised.

3.1.6 Influence of I norganic Constituents

The chemical speciation of DBP formation upon dhiation is
altered by the presence of inorganic constitudmtsnide and
iodide. Upon chlorination, bromide and iodide apidly
oxidised to hypobromous acid and hypoiodous acid
respectively. Hypobromous and hypoiodous acidsetige
oxidising agents that react with NOM to form broatied and
iodated DBPs. To investigate the effect of theseganic
constituents on DBP formation Hetal. (2006) analysed raw
water samples from drinking water treatment platdkes at
the City of Winnipeg, Manitoba and the City of Tayls
Oklahoma. Samples were dosed with bromide and éaalid
concentrations of 0, 2, 10 and 30 uM prior to ankation.
Chlorination of the samples was conducted to preduc
chlorine residual of 0.5 mg &l after a 48 hour contact time at
20°C with a pH of 7. The experiment concluded thateased

concentration of bromide and iodide halogens rediil a
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general increase in DBP speciation dominated bsnbrand
iodo- moieties by outcompeting chlorine substitatidhe
addition of 2-30 puM of bromide to Tulsa raw watangples
increased the total yield of THMs (four species)By74% and
HAAs (nine species) by 2-35% respectively. The toldliof 2-
30 uM of iodide to Tulsa raw water samples had matieffect
on total THM (10 species) yield; whilst TOX decredsy 2-35
% respectively. The rate of iodide substitution &k®
significantly slower than bromide substitution. Tihemation

of bromo- and iodo- substituted DBPs results irhaigvalues
of genotoxicity, causing concern for detrimentadltie
outcomes (Plewet al. 2004a; Plewat al. 2004b; Richardson
et al. 2007). The influence of inorganic constituentDBP
formation and speciation varied depending on threlitimons of
the NOM precursors in the source water. For example
Cowman and Singer (1996) assessed the effect ofitbeoon
aguatic humic substances and found no correlatbnden

bromide concentrations and HAA formation.

The concentration of inorganic constituents alseralthe DBP
formation potential of phytoplankton precursorssits
obtained from studies ®flicrocystic aeruginosa, indicated that
the addition of bromide shifted DBP formation frétAA to
THM dominated compounds (Wetial. 2011). These results
are contradictory to results from Haigal. (2006) where whole

raw water samples were used. The effects of inécgan
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constituents on a phytoplankton dominated systemddeave
profound effects on DBP formation, speciation amel t

resulting associated health risk.

4.1 Mitigation of DBP formation from Phytoplankton
Derived Precursors

To mitigate DBP formation it is critical that hyghiailic,
autochthonous organic matter is targeted and redhprer to
chlorination. This could be achieved by improvirsgahment
management to reduce nutrients and phytoplanktoduation.
Improved catchment management combined with an
understanding of the dominant species and abunds#nce
phytoplankton within the system will allow for eadetection
of increased DBP formation potential. More advaneatker
treatment such as activated carbon, ultrafiltratarrresins can
then be utilised to prevent risk of exposure totpplankton
derived DBPs during a detected increase in phytdqbden
abundance, reducing the concentration of NOM pszrar

exposed to chlorination.

Developing a greater understanding of the risk BPB to
human health will allow for improved monitoring learmful
DBPs and tighter regulation. There is still a Siigaint

percentage of UTOX compounds being produced withinal
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understanding of the short and long term impactaitoan

health.

5.1 Conclusion

The focus on phytoplankton within water treatmesd fargely
been on phytoplankton cell removal and the remot/&bxic
compounds. However, only a few species are knowmdduce
toxins or taste and odour compounds that can campeo
water quality. In contrast all phytoplankton spsedi& carbon
and contribute to the DOC pool and potential DB&cprsors.
This can pose a threat to human health when inedeas
concentration of algal derived DOC is exposed toraie,
increasing the risk of DBP formation. The contribatof
phytoplankton towards the formation of DBPs is
underestimated or largely ignored. The majorityhef
literature pools various sources of NOM or focusely on
allochthonous contributions to DBP formation. Agedi
derived organic carbon is generally more recaleitta
conventional treatment it is imperative that thalto
contribution of phytoplankton to the formation oBBs is
thoroughly understood for improved management bad t

minimisation of associated health risks.

Phytoplankton derived DBP formation is impactedts rapid

algal growth and turnover rates, cellular compositind
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biological lability. The contribution of phytoplatda to the
formation of DBPs can potentially be heightened tuthe
notoriety of formation of cyanobacterial bloomsentfical
composition and high DON contribution. Reducing
phytoplankton populations within the water bodyésessary
to limit disinfection contact with cells and exuest Therefore
limiting nutrient supply with improved catchment magement
can mitigate many of the problems associated Withea
(Brookes and Carey 2011). Nutrient reduction limits
phytoplankton carrying capacity and growth ratesimising
the abundance of toxic cyanobacteria and DBP psecsir
derived from phytoplankton. Reducing the algal @riations
exposed to the disinfection process will reduce D&@mation

within the water treatment plant and distributiatvnork.
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Table 1: Examples of pathogens with evidence oltheggnificance, indicating chlorine
resistance and expected time for minimal removahdwchlorination. Pathogen minimum
removal data collected from (Centers for Diseaset©band Prevention, 2012) and
references thereifft)Indication of CT times for each pathogen groMpofld Health

Organisation,2011).

Pathogen Health Resistanceto | Minimal Removal (CTgg)
Significance | Chlorine?

Overall* High Low 0.04-0.08 min.mg/L (5°C, pH 6-7)

© E. coli High Low <0.25 min.mg/L (2°C, pH 7

% Campylobacter jejuni High Low 0.5 min.mg/L (2598 8)
Salmonella Typhi High Low 1 min.mg/L (20-25°C, pH 7)
Overall * High Moderatt 2-30 min.mg/L (-1C°C, pH #-9)
Poliovirus High Moderatt 6.36 min.mg/L (°C, pH 6

g Hepatitis A Virus High Moderate <0.41 min.mg/L (Z5°pH 8)

> Rotavirus High Moderatt 0.05 min.mg/L (°C pH7,
Coxsackie A High Moderate 0.14-0.15 min.mg/L (5pE, 6)
Overall * High High 25-245 min.mg/L (0-25°C, pH 7-8)
Cryptosporidiumhomin | High High 15,300min.mg/L (25°C, pH 7.5

§ ig parvum

*g Entamoeba histolytica | High High 20 min.mg/L (27-30°C, pH 7)

o
Giardia intestinalis High High 15min.mg/L (25°, pH 7




Table 2: List of regulations on DBPs with assodagaideline values from the US EPA, WHO, the EusspEnion and, Australia and New

Zealand.

*Sum of the ratio of the concentration of bromofodibromochloromethane, bromodichloromethane amafatorm to its respective guideline

value can't exceed 1.

World Health Organisation Guideline Values

US EPA Mandatory Standards

European Union Standards

Australian Drinking Water

Mandatory Standards Guidelines
Regulated DBPs (ng/L) Regulated DBPs (ng/L) Regulated DBPs (ug/L) Regulated DBPs (ng/L)
Total THM * Total THM 80 Total THM 100 Total THM 250
Bromate 10 Total HAA (5 regulated) 60 Bromate 10 Chloroacetic acid 150
Bromodichloromethane 60 Bromate 10 Dichloroacetic acid 100
Bromoform 100 Chlorite 1000 Trichloroacetic acid 100
Chlorate 700 Chloral hydrate 100
Chlorite 700 NDMA 0.1
Chloroform 300 Bromate 20
Dibromoacetonitrile 70 Chlorite 800
Dibromochloromethane 100 2-chlorophenol 300
Dichloroacetate 50 2,4-dichlorophenol 200
Dichloroacetonitrile 20 2,4,6-trichlorophenol 20
Monochloroacetate 20 Cyanogen chloride 80
N-nitrosodimethylamine (NDMA) 0.1 Formaldehyde 500
Trichloroacetate 200

2,4,6-Trichlorophenol 200




Table 3: Disinfection by-product formation as a result of chlorination of model compounds

(Hong et al. 2008).

Model Compounds

CHClI; (ug mg™ C)

DCAA (ug mg™ C)

TCAA (ug mg™ C)

BSA

Fish oil

Starch

27.1

50.0

3.06

25.9

3.36

491

22.8

1.27

0.09



Table 4: Total DBPFP based on a comparison of protein, carbohydrate and lipid concentrations from cyanobacteria (8 species), green algae (15

species) and diatom (26 species) (Hong et al. 2008).

Protein (%) Carbohydrates (%) Lipids (%) CHCI;(ugmg™*C) DCAA (ugmg*C) TCAA (ug mg™ C)
Cyanobacteria | 61.5 25.2 13.3 24.1 17.6 14.2
Green algae 50.5 21.7 27.8 28.3 15.1 11.9
Diatoms 42.9 17.9 39.2 31.8 13.3 10.3
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Figure 1: Genera schematic of DBP formation; the reaction of a disinfectant agent with an
organic precursor and/or an inorganic precursor forms a suite of DBPs. The rate and yield of

the reaction is governed by arange of physical conditions.
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Figure 2: Analysis of the autochthonous carbon load from phytoplankton from the U.S. National Lake Assessment. Phytoplankton carbon
contribution was estimated from the known chlorophyll a concentration using predictive ratios from the literature. The Reynolds Estimation

(Carbon:Chla, 50:1) is an accurate average estimation of carbon based on total species composition of phytoplankton.
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Figure 3: General classification of NOM by hydrophobicity and acidity into specific chemical
groups. The red boxes highlight the major constituents of phytoplankton (Leenheer and

Croué 2003).
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Figure 4: Comparison of IOM and EOM contribution to DOC, trihalomethane formation
potential (THMFP), haloacetic acid formation potential (HAAFP) and nitrosodimethylamine

formation potential (NDMAFP) (Li et al. 2012).
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Figure 5: Positively correlated relationship between maximum total phosphorus (TP) and

maximum chlorophyll a concentration (Linden et al. 2004)



Highlights

» Phytoplankton contains a significant proportion of
hydrophilic organic matter.

» Hydrophilic NOM is more recalcitrant to
conventional treatment, increasing DBP formation.

»  Species population dynamics and continuous
exudation contributes significantly to DOC pooal.

» High protein content in some species has been
linked to increased DBP formation.

» Nutrient reduction limits phytoplankton carrying

capacity, aming to reduce DBP precursors.





