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ABSTRACT

Drinking water treatment is facing an adverse impact of algae especially when they
extensively decay and release cellular organic matter (COM). As the character and
consequently the removal efficacy of COM depends on the individual species, the thesis
compares algal organic matter (AOM) derived from four common phytoplankton species:
green alga Chlamydomonas geitleri, diatom Fragilaria crotonensis, and cyanobacteria
Microcystis aeruginosa and Merismopedia tenuissima. To evaluate the differences between
extracellular and cellular organic matter, we monitored the growth of those organisms and
compared AOM obtained at different growth phases. As COM is not only difficult to
coagulate, but also hinders the coagulation of other substances, the thesis investigates
the effect of simultaneous coagulation of COM with other impurities present in surface
waters: kaolin, humic substances (HS) or cyanobacterial cells of M. tenuissima. Coagulation
behaviour was studied by the jar tests performed with single components and their mixtures
with and without a coagulant (ferric or aluminium sulphate). Special emphasis was paid to
proteinaceous COM of M. aeruginosa; to enhance the removability of proteinaceous matter

we implemented pre-oxidation.

Coagulation effectively removed turbidity (up to 99%) either of clay or algae origin at
pH approx. 6-8 for ferric and 7-8.5 for aluminium coagulant. On the other hand, both humic
and algal organic matter showed lower maximum removals (up to 65% for HS, 60-85% for
proteinaceous COM of M. aeruginosa, and 43-53% for M. tenuissima COM, expressed as
dissolved organic carbon (DOC)) at pH below neutral (approx. 4-6 for Fe and 5-6.5 for Al).
In the case of mixtures, COM favoured coagulation although it modified the pH optimum for
turbidity removal and hence the coagulation mechanisms. While both single cells and kaolin
adsorbed preferably onto Al/Fe-oxide-hydroxides at about neutral pH, the COM-cell and
proteinaceous COM-kaolin mixtures underwent charge neutralisation by Al/Fe-
hydroxopolymers within the moderately acidic pH range more or less overlapping with that
for single COM. Additionally, COM induced flocculation of those impurities even in the
absence of a coagulant at acidic pH (approx. <4.5). It seems plausible that as a flocculant aid
particularly high-molecular weights (MWs) (>10 kDa) involved in the adsorption processes
and entailed inter-particle bridging of destabilised molecules and particles. In turn, high
portions of low-MWs (<10 kDa) and predominantly hydrophilic nature most likely produced
relatively low COM removals. Besides, at a narrow pH range about 6.2 for Fe and 6.8 for Al,
coagulation was disrupted due to the formation of organo-metal complexes. However, this
interference can be prevented by pH optimisation or by pre-oxidation with the benefit of

heightened removals of proteinaceous COM by 5-12% compared to coagulation alone.



ABSTRAKT

Uprava pitné vody se potyka s vyskytem fytoplanktonu zejména ve fazi jeho odumirani,
kdy dochazi k uvolnéni znaéného mnozstvi celuldrnich organickych latek (COM — Cellular
Organic Matter). Vzhledem k druhové zdvislosti charakteru COM a tedy i ucinnosti jejich
odstranéni, tato prdce srovndva organické latky, tzv. Algal Organic Matter (AOM),
produkované c¢tyfmi béiné se vyskytujicimi druhy fytoplanktonu: zelenymi fasami
Chlamydomonas geitleri, rozsivkami Fragilaria crotonensis a sinicemi Microcystis aeruginosa
a Merismopedia tenuissima. OdliSnost extraceluldrni a celularni frakce byla hodnocena
monitoringem rlstu a srovnanim AOM ziskanych v rliznych fazich rozvoje fytoplanktonu.
Vzhledem ktomu, Ze COM jsou nejen obtizné odstranitelné, ale ztézuji i odstranitelnost
dalSich znedistujicich primési, prace zkouma vliv soubéiné koagulace COM a dalsich latek
pfitomnych v povrchovych vodach: kaolinu, huminovych latek (HL) a bunék M. tenuissima.
Pribéh koagulace byl studovan pomoci sklenicovych zkousek s jednotlivymi komponenty
i jejich smési za pritomnosti koagulantu (siran hlinity i Zelezity) ¢i bez néj. Daraz byl kladen
na proteinovou slozku COM M. aeruginosa. S cilem zvysit odstranitelnost proteinovych COM

byla zafazena preoxidace.

Koagulace odstranila s az 99% ucinnosti zakal jilového i organického puvodu pfiblizné
pfi pH 6-8 v pfipadé Zelezitého a 7-8,5 u hlinitého cinidla. Naopak u huminovych latek a latek
rasového plvodu bylo dosazeno nizsi miry odstranéni (do 68 % u HL, 60-85 % u proteinovych
COM M. aeruginosa a43-53% uCOM M. tenuissima, vyjadfenych jako koncentrace
rozpusténého organického uhliku (DOC — Dissolved Organic Carbon)), a to v mirné kyselém
pH (cca 4-6 pro Fe a5-6,5 pro Al). V pfipadé smési COM koagulaci podpofily, pfestoze
pozménily optimalni oblast pH a soucasné i koagulaéni mechanismy zdkalotvornych ¢&astic.
Zatimco samotné bunky ikaolin interagovaly spiSe prostfednictvim adsorpce
na hydratovanych oxidech Al/Fe v neutralni oblasti pH, smési COM a bunék i proteinovych
COM a kaolinu podlehly nabojové neutralizaci Al/Fe-hydroxypolymery v mirné kyselém pH
odpovidajicimu optimu samotnych COM. COM rovnéz vyvolaly flokulaci sledovanych pfimési
priblizné pri pH<4,5 ibez pfidavku koagulantu. Jako pomocné flokulaéni ¢inidlo se
adsorpcnich procest uUcastnily pravdépodobné vysokomolekularni latky (>10 kDa), které
umoznily agregaci destabilizovanych c¢astic a molekul tvorbou mezic¢asticovych mustka.
Naopak vysoky podil nizkomolekularni frakce (<10 kDa) a pfevazné hydrofilni povaha patrné
odpovidaji za relativné nizkou odstranitelnost COM. V Uzkém rozsahu pH okolo 6,2 v ptipadé
Fe a 6,8 u Al byla koagulace rusena tvorbou organo-kovovych komplex(i. Tomuto naruseni
Ize vSak predejit optimalizaci reakénich podminek ¢i preoxidaci, kterd navic zvysila miru

odstranéni proteinovych COM v porovnani se samotnou koagulaci o 5-12 %.
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1 INTRODUCTION

The quality of surface waters is significantly and permanently deteriorated by the presence
of algae and cyanobacteria. They do not affect only aquatic ecosystems, but also limit
the use of water resources for drinking purposes. In a temperate climate, water treatment
faces the occurrence of algae mainly on the seasonal basis. However, due to
a phytoplankton population increase associated with the ongoing eutrophication, the issue
of water treatment is becoming topical worldwide. An outbreak of algal blooms may lead
even to complete collapse of water treatment plants (WTPs) (Greene and Hayes, 1981;

Henderson et al., 2008a; Zhang et al., 2010; Stfeda et al., 2015).

Algae and cyanobacteria have received increasing attention as they produce a variety
of compounds denoted as algal organic matter (AOM), which can seasonally make up a bulk
of natural organic matter (NOM) present in surface waters (Henderson et al., 2008b).
As a complex mixture, AOM comprises 1) harmful cyanotoxins including cyclic peptide
hepatotoxins (microcystins and nodularins) or alkaloid hepatotoxic cylindrospermopsin and
neurotoxins (anatoxins and saxitoxins) (Carmichael, 1992; Wiegand and Pflugmacher, 2005;
Bldhova et al., 2008; Dixon et al., 2010); 2) undesirable compounds affecting organoleptic
properties of the source water such as 2-methylisoborneol and trans-1,10-dimethyl-trans-9-
decalol (geosmin) producing musty earthy taste and odour (T&O) or various volatile organic
sulphur compounds (Dixon et al., 2010; Zhang et al., 2010; Li et al., 2012; Zamyadi et al.,
2015); and 3) precursors to hazardous disinfection by-products (DBPs) forming at water
disinfection with chlorine and its compounds, specifically trihalomethanes (e.g. chloroform
and dibromochloromethane) and halogenated acetic acids (e.g. dichloroacetic and
trichloroacetic acid) (Nguyen et al., 2005; Fang et al., 2010; Li et al., 2012; Liao et al., 2015).
Therefore, AOM poses achallenge for conventional water treatment processes

(i.e. coagulation/flocculation — sedimentation —filtration).

The most pronounced disorder evoked by AOM seems to be its interference with
coagulation/flocculation — the key broadly employed process among water treatment
facilities whose efficiency predetermines the performance of all downstream processes
(Ching et al., 1994; Vlaski et al., 1996; Kim and Kang, 1998; Cheng and Chi, 2002; Henderson
et al., 2008a, 2010; Gonzalez-Torres et al., 2014). Beside other negative impacts on WTPs,

not only does high organic content clog rapid sand filters with subsequent reduction of filter
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runs, but it also limits the usage of advanced technologies, e.g. when it fouls ultra- and nano-
filtration membranes or when it decreases the efficiency of activated carbon for adsorbing
prevailingly low molecular organic matter or various micropollutants (Her et al., 2004; Dixon
et al., 2010; Hnatukova et al., 2011; Huang et al., 2012; Kopecka et al., 2014). Hence, adverse
effects of AOM result in increased residual coagulant concentrations, organic matter and
turbidity of treated water (Greene and Hayes, 1981; Bernhardt et al., 1985, 1987; Takaara et
al.,, 2007) and cause potential bacterial growth in distribution systems (Bernhardt et al.,
1987, 1991; Widrig et al., 1996). To ensure satisfactory drinking water quality that would
meet the collective legislation of the European Union under the Drinking Water Directive
No. 98/83/EC (incorporated in the national regulation of the Ministry of Health of the Czech
Republic under the decree No. 252/2004 Coll.), WTPs tentatively tackle this issue by
increasing coagulant doses which, however, create subsidiary disorders including increased

operating cost (Bernhardt et al., 1985, 1987; Sano et al., 2011; Ma et al., 2012a).

Significant participation of algae in the performance of drinking water treatment is
given by their decay, which is followed by the release of a considerable amount of cellular
algal organic matter (COM) (Zhang et al., 2010; Nicolau et al., 2015). However, despite
relatively low treatability of AOM/COM by coagulation/flocculation (Widrig et al., 1996;
Pivokonsky et al., 2009), owing to its widely variable features, it has been demonstrated to
either hinder or in turn favour the removal of other impurities present in surface waters
(Bernhardt et al., 1985, 1986, 1991; Bernhardt and Clasen, 1991; Dolejs, 1993; Ma et al.,
2012a,b). This distinctive feature of algal organic matter motivates the objective of this
thesis: to address the challenges posed by COM for water treatment. An emphasis was paid
to its traits, potential of removal and impact on removability of other particles or molecules
by means of coagulation/flocculation as the essential and simultaneously most vulnerable

step in the overall solid-liquid separation scheme in drinking water treatment.
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1.1 PRINCIPLE OF AOM COAGULATION

In a simplified way, coagulation/flocculation process destabilises dissolved organic matter
(DOM), colloids and particles, which collide with each other and combine into aggregated
forms (Stumm and Morgan, 1996; Jiang and Graham, 1998; Bratby, 2006; Matilainen et al.,
2010). What seems to be decisive for efficient coagulation is the charge distribution in the
system that also governs running interaction mechanisms (Bernhardt et al., 1985, 1991;
Henderson et al., 2010; Pivokonsky et al., 2012). The surface charge of individual impurities
as well as the charge and character of coagulant species are controlled by the reaction pH
reflecting dissimilar solubility and course of hydrolysis of coagulant metals (aluminium/iron)
(Stumm and Morgan, 1996; lJefferson et al., 2004). Concisely, at acidic pH values
(approximately pH <2 for iron and <4.5 for aluminium), AI**/Fe*" ions prevail in an aqueous
medium to about 99% as Al/Fe-hexaaquacomplex ([Al(H;0)s]*>" or [Fe(H,0)¢]**). As the pH
rises, hydrolysis proceeds and forms cationic polynuclear Al/Fe-hydroxopolymers (e.g.
Al;(OH)17*, Ali3(OH)sa>" or Fes(OH)s™", Feq(OH)®") and subsequently Al/Fe-oxide-hydroxides
(AIO(OH) or FeO(OH)). At alkaline pH (approximately above pH 8), Al/Fe largely occur as
anionic hydroxocomplexes ([Al(OH)4] or [Fe(OH)4]") (Bernhardt et al., 1985; Van Benschoten
and Edzwald, 1990a; Stumm and Morgan, 1996).

Depending on which form of Al/Fe prevails, the coagulation is generally explained
through several fundamental mechanisms. At slightly acidic pH and low coagulant doses
(e.g.0.01-1.0 mmol L™ Fe and 0.002-0.1 mmol L™* Al at pH 4-6 and pH 5-7, respectively, for
inorganic colloids) mechanism of gradual charge neutralisation by mononuclear and medium
polynuclear positively charged Al/Fe-hydroxopolymers plays the key role in the coagulation
process (Johnson and Amirtharajah, 1983; Duan and Gregory, 2003; Bache and Gregory,
2007). Under conditions of charge neutralisation, optimum coagulant doses usually
correspond to the zeta potential of closing to zero value (kept through a combination of pH
adjustment and/or coagulant dose) in the coagulating system of either algal and clay colloid
suspensions or humic solutions (Bernhardt et al., 1985; Bernhardt and Clasen, 1991; Kim and
Kang, 1998; Briley and Knappe, 2002; Jefferson et al., 2004; Henderson et al., 2008a,c, 2010;
Liu et al., 2009). The higher dosage could give consequential charge reversal and successive
restabilisation of impurities (Bernhardt and Clasen, 1991, 1994; Wang et al., 2002; Duan and

Gregory, 2003; Liu et al.,, 2009). Nevertheless, at sufficiently low coagulant doses,
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coagulation at lower pH occurs also owing to the adsorption of Al/Fe-hydroxopolymers onto
the surface of impurity particles forming electrostatic patches as postulated by Gregory
(1973, 1996) for polymer adsorption. If the adjacent particles approach by patches of
opposite charge, coulombic attraction may induce their aggregation (Ching et al., 1994;
Bache and Gregory, 2007). However, such low coagulant concentrations are not likely to
proceed to efficient charge neutralisation because of limited inter-particle collision rate. The
collision rate is in turn enhanced at neutral to alkaline pH and higher coagulant doses or
under an overdosing when a mechanism of sweep flocculation also known as enmeshment
prevails and impurities become entrapped in the growing amorphous Al/Fe-hydroxide
precipitate (Johnson and Amirtharajah, 1983; Van Benschoten and Edzwald, 1990a; Ching et
al., 1994; Stumm and Morgan, 1996; Kim and Kang, 1998; Wang et al., 2002; Duan and
Gregory, 2003; Bache and Gregory, 2007; Liu et al., 2009). At a transition between these two
distinct mechanisms (charge neutralisation and sweep flocculation), adsorption onto the
cationic surface of colloidal Al/Fe-oxide-hydroxides allowing inter-particle bridging tends to
be influential depending on the concentration ratio of coagulant to impurities, otherwise it is
not easily distinguishable (Cheng and Chi, 2002; Duan and Gregory, 2003; Kabsch-
Korbutowicz, 2006; Liu et al., 2009). Then, for pH approaching the point of zero charge (pzc)
of AIO(OH) or FeO(OH) (Stumm and Morgan, 1996), the coagulant species turn gradually
negative and cause electrostatic repulsions in the interacting system (Duan and Gregory,

2003).

1.1.1 REMOVABILITY OF AOM

The complex AOM mixture consists of various compounds ranging from metabolic
intermediates to storage macromolecules. AOM comprises volatile aldehydes and ketones,
enzymes and vitamins, phosphorus compounds, amines, hydrocarbons, glycolic and other
organic acids, lipids and fatty acids. Dominating components are saccharides (mono-, oligo-
and polysaccharides) and nitrogenous substances (amino and nucleic acids, peptides and
proteins) (Fogg, 1971; Hellebust et al., 1974; Maksimova et al., 2004; Pivokonsky et al., 2006;
Nicolau et al., 2015). Aspecific composition of AOM not only differs with the
microorganism’s species and the growth phase, but also depends on physiological and

growth conditions (Fogg, 1971; Hellebust et al., 1974; Hoyer et al., 1985; Brown et al., 1997;
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Maksimova et al., 2004; Pivokonsky et al., 2006; Huang et al., 2012). What this chemical
heterogeneity of AOM entails is that the removal efficiencies are dissimilar (Pivokonsky et

al., 2009).

The potential of AOM to be coagulated depends mainly on the content of a range of
functional groups, such as —OH, —COOH, =NH,", —CONH,, —NH;", —SH etc. (Chang, 2005).
AOM interactions are predominantly assigned to carboxyl groups that dissociate depending
on their respective acid dissociation constants (pK,) (e.g. proteinaceous aspartic acid with
terminal a— and side f—COOH of pK,=2.09 and 3.86 and glutamic acid with a— and y—COOH
of pK,=2.19 and 4.25 (Chang, 2005) or saccharide alginic acid, composed of poly-D-
mannuronic and L-guluronic acid with —COOH of pK,=3.38 and 3.65, respectively (Haug,
1961)). Kopecka et al. (2014) recorded for proteinaceous part of cellular organic matter
(COM) of the cyanobacterium Microcystis aeruginosa nearly 10 mmol of titratable carboxyl
groups per 1 g of dissolved organic carbon (DOC) in the pH range 7.1-1.5. Similarly, alginate,
a polysaccharide produced by some algae and bacteria, was also estimated to contain about

10 mmol of carboxyl groups per 1 g C (Gregor et al., 1996).

The pH optimum for AOM coagulation ranges within the moderately acidic pH,
specifically between pH 4.5 to 6.5 for M. aeruginosa COM (Pivokonsky et al., 2009) and
between 4.0 to 6.0 for a proteinaceous fraction of M. aeruginosa COM (Pivokonsky et al.,
2012), both for ferric coagulant. Under certain pH conditions, deionized functional groups
interact electrostatically with positively charged coagulant hydroxopolymers and hydrated
oxides, which enable their coagulation by the most pronounced gradual charge
neutralisation or adsorption mechanism. At about neutral pH (6-8 for Fe) adsorption may
still take part in the coagulation. Nevertheless, it has been shown that the extent of DOM
removal by the adsorption mechanism is usually less significant, since it is effective only if
the ratio between DOC and a coagulant is relatively low (e.g. <0.33 for Fe). On the contrary,
at a higher ratio, DOM tends to occupy the whole surface of hydrated oxide particles and

causes their restabilisation (Bernhardt et al., 1985, 1991; Pivokonsky et al., 2009, 2012).

Despite the above listed prominent features, AOM generally shows relatively low
treatability. For instance, Widrig et al. (1996) achieved through coagulation followed by
sedimentation 18%, 25% and 49% DOC removal efficiencies for extracellular organic matter

(EOM) of M. aeruginosa, the green algae Scenedesmus quadricauda and Dictyosphaerium
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pulchellum, respectively (initial DOC 6 mgL®, adose of 2.96 mmol L' Fe (FeCls.6H,0),
0.5 mmol HCOs3, pH5.0). Similarly, Pivokonsky et al. (2009) obtained under optimised
conditions (pH 4.5-6.5) maximum DOC removal rates of 42% and 50% for COM of
M. aeruginosa at initial DOC concentrations of 3 and 7 mg Lt using 16 and 26 mg L Fe
(Fey(S04)3.9H,0), respectively. In the following study, they achieved more than 70% removal
rates of the proteinaceous fraction of COM increasing with the initial DOC (1-8 mg L™ DOC,
7 mgL* Fe, pH 4.0-6.0) (Pivokonsky et al., 2012). Such relatively low removals result from
largely hydrophilic nature of AOM, high quantities of low molecular matter (depending on
specific species) (Edzwald, 1993a; Pivokonsky et al., 2006, 2009, 2012; Henderson et al.,
2008b, 2010; Ghernaout et al.,, 2010) and from the formation of organo-metal complex
compounds (Bernhardt et al., 1985; Takaara et al., 2005, 2007; Pivokonsky et al., 2006, 2012;
Ma et al., 2012a).

Lower coagulation efficiencies for a hydrophilic fraction in comparison to the
hydrophobic matter have been widely reported (Edzwald, 1993a; Ghernaout et al., 2010;
Henderson et al.,, 2010; Ma et al., 2012a). Sharp et al. (2006) concluded that initial
concentrations of the hydrophilic matter correlate well with the residual DOC after
coagulation among various water sources. High hydrophilicity (57-86%) of AOM was
determined either by the DAX/XAD/IRA resin fractionation (Her et al., 2004; Henderson et
al., 2008b; Huang et al., 2012; Li et al., 2012; Leloup et al., 2013) or by the analysis of specific
UV absorbance (SUVA) with values as low as of about 0.5 L mg'1 m™ as recorded for COM
derived from M. aeruginosa (Fang et al., 2010; Liao et al., 2015). Moreover, it was
documented that a degree of hydrophilicity rises and SUVA accordingly decreases as the
phytoplankton culture grows (Henderson et al., 2008b; Fang et al., 2010; Huang et al., 2012;
Li et al., 2012). For instance, the content of hydrophilic fraction increased from 63% at EOM
fraction to 86% at COM (in this case titled as IOM — Intracellular Organic Matter) of
M. aeruginosa in the study by Li et al. (2012), and correspondingly SUVA decreased from
1.38 for EOM to 0.58 L mg™ m™ for IOM of the same cyanobacterium in the study by Fang et
al. (2010), and from 1.13 to 0.5 and from 0.87 to 0.47 L mg* m™ for M. aeruginosa and the

diatom Cyclotella meneghiniana, respectively, in the study by Liao et al. (2015).

Furthermore, particularly organics of mainly low molecular weights (MWs) (<10 kDa)

were proved to be less prone to coagulation (Cheng and Chi, 2003; Pivokonsky et al., 2009,
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2012; Ma et al,, 2012a) if they are of either proteinaceous (Pivokonsky et al., 2012) or
saccharide character (Bernhardt et al., 1985), and thus require employment of additional
technologies such as adsorption onto activated carbon (Hnatukova et al., 2011; Kopecka et
al., 2014) or membrane filtration (Teixeira and Rosa, 2005; Dixon et al., 2010). For instance,
in the study by Henderson et al. (2010), highly hydrophilic (57% or more) EOM of the green
alga Chlorella vulgaris, the cyanobacterium M. geruginosa and the diatom Asterionella
formosa with 30%, 38% and 81% portion <1 kDa showed 71%, 55% and 46% removal
efficiencies (at initial concentrations of 5 mg L™ as DOC) using optimised doses of 0.8, 1.2

and 1.5 mg Al mg™ DOC, respectively (Al,(SO4)s.18H,0, pH 7).

Another aspect of limited removals of AOM follows from its ability to form polynuclear
complexes with coagulant species. Coagulant metals are bound in a form of stable soluble or
microcolloid organo-metal complexes that consequently consume the coagulant, prevent its
hydrolysis, and thus hinder the formation of positively charged Al/Fe-polyhydroxocomplexes
required for destabilisation of both dissolved and particulate impurities. This leads to
decreased coagulant efficiencies, disproportional increase in effective coagulant dosages and
also increased residual concentrations of both coagulant and organic matter in treated water
(Bernhardt et al., 1985, 1986, 1987, 1991; Takaara et al., 2005, 2007; Pivokonsky et al., 2006,
2012; Sano et al., 2011; Ma et al., 2012a,b).

The affinity of metals to organic matter can be explained by the model of surface
complexes. This model describes the formation of complex compounds by coordinative
electrostatic bonds between particularly the deprotonated carboxyl functional groups,
especially those on the biopolymer side chains, and the positively charged surface groups of
metal hydroxypolymers and hydrated oxides. In the case of polysaccharides, metals are
bound to carboxyl in uronic acids (Bernhardt et al., 1985, 1987, 1991). As the mechanisms of
complex formation are largely of electrostatic character, the level of this interference also
relates closely to the reaction pH that controls both the hydrolysis of metal species and
dissociation of carboxyl groups. In the case of proteinaceous COM of M. aeruginosa, the
maximum binding capacity was found at about pH 6 for iron and was quantified to be of
about 1.38 mmol Fe g DOC (Pivokonsky et al., 2012). Similarly, Gregor et al. (1996)
determined binding capacity of about 1.4 mmol Al g* C at pH 6 for alginate. As complex

forming compounds mainly low-MWs were isolated, specifically those of apparent MW of 1,
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2.8, 6, 8, 8.5, 10, 52 and 60 kDa (Pivokonsky et al., 2006, 2012) and between 43 and 67 kDa
(Takaara et al.,, 2005) in the case of peptides/proteins derived from M. aeruginosa.
Nevertheless, it was shown that the removability of organic matter can be controlled by pre-

oxidation as will be discussed later.

1.2 INTERFERENCE OF AOM WITH OTHER IMPURITIES

Although algal and cyanobacterial cells and related algal organic matter (AOM) can be
present in surface waters together with other impurities, most attention has been paid to
the removal of individual components. Besides the generally low treatability by
coagulation/flocculation (Widrig et al., 1996; Pivokonsky et al., 2009), AOM has been found
to affect also the removal of another natural matter including inorganic colloids represented
by quartz and kaolin particles (Bernhardt et al., 1985, 1986, 1991; Dolejs, 1993; Takaara et
al.,, 2007, 2010) or algal cells themselves (Bernhardt and Clasen, 1991; Henderson et al.,
2010; Ma et al., 2012a,b). Owing to its widely variable features, such as overall amount,
hydrophobicity, content of proteinaceous matter, molecular weight (MW) distribution and
surface charge, AOM may exhibit both favourable and adverse effects on the coagulation
(Bernhardt et al., 1985, 1986, 1991; Bernhardt and Clasen, 1991; Dolejs, 1993; Ma et al.,
2012a,b). Already Bernhardt and co-authors, who carried out the first major investigation
into AOM from the perspective of drinking water treatment (Bernhardt et al., 1985, 1986,
1991), suggested that under certain conditions AOM of particularly high MWs may enhance
the coagulation. It has been found that AOM may act akin to natural biopolymer
polyelectrolytes (e.g. as chitosan, sodium alginate, starches, guar gums, tannins or seeds of
the Moringa olejfera tree) applied in water treatment as a flocculant aid (Bernhardt et al.,
1985; Bratby, 2006; Ma et al., 2012a; Pranowo et al., 2013) or, moreover, may even induce
coagulation/flocculation of other particles or molecules (Paralkar and Edzwald, 1996;

Plummer and Edzwald, 2002).

1.2.1 TREATMENT OF TURBID WATERS

Responsible for turbidity in surface waters are ubiquitous inorganic colloids. Stability of
particles such as quartz or kaolin is given mainly by an electrical double layer that governs

their surface charge (Bernhardt et al., 1985, 1986, 1991; Bratby, 2006; Bache and Gregory,
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2007). In natural conditions, inorganic particles usually prevail as negatively charged (Duan
and Gregory, 2003). For example, the point of zero charge (pzc) of kaolinite fluctuates
around pH 3, approximately at pH 2.6 in the study by Coles and Yong (2002) or in the pH
range of 3.5-4.5 in the study by Dohnalova et al. (2008) depending on the electrolyte
solution, specific composition of kaolin samples or employed analytical techniques. Above
pzc, kaolin and such colloids bear anegative surface charge measured either as

electrophoretic mobility or zeta potential (Ching et al., 1994; Kim and Kang, 1998).

The optimum for turbidity removal ranges typically about neutral pH. Kim and Kang
(1998) observed efficient coagulation of kaolinite between pH 6.7 and 8.2 by ferric nitrate
obtaining removal rates that increased with acoagulant dose to more than 95% (initial
particle concentration of 25 mg L ~ 24 NTU (Nephelometric turbidity unit) and average size
of 1.8 um, 5-20 mg Lt Fe(NO3)3.9H,0, 5 mmol NaNOs). In the study by Ching et al. (1994),
optimum for kaolin was enlarging from pH 6.4-7.2 to 6.4-8.0 with the coagulant doses of 3
and 36 umol Fe (FeCls;.6H,0) and with the residual turbidity levels of about 20 NTU or below
5 NTU, respectively (initial solid concentration of 50 mg L™ ~ 40 NTU, 1 mmol NaHCOs3). Such
pH values close to the pzc of Al/Fe indicate that kaolinite/kaolin particles are preferably
destabilised due to absorption onto Al/Fe-oxide-hydroxides or through enmeshment by
Al/Fe-hydroxide precipitate (Ching et al., 1994; Kim and Kang, 1998; Duan and Gregory,
2003).

Although clay particles and AOM differ in both optimal reaction pH and prevailing
coagulation mechanisms, only handful studies have dealt with the potential effect of AOM
on turbidity removal (Bernhardt et al., 1985, 1986, 1991; Takaara et al., 2007, 2010; Sano et
al., 2011). Plausible interactions between microbial products and clay colloids in an agqueous
medium arise from the evidence of natural organics (of either proteinaceous or saccharide
character) adsorbing onto clay minerals in soil environments (e.g. Goring and Bartholomew,
1952; Greaves and Wilson, 1969; Parfit and Greenland, 1970). The adsorption efficacy
depends highly on the type and the concentration ratio of both organics and clay particles,
when especially concentrated solutions proved to cause an increased adsorption. Moreover,
adsorption efficacy could be enhanced by the addition of electrolyte (Goring and
Bartholomew, 1952; Greaves and Wilson, 1969). Nevertheless, pH value occupies a crucial

role. In the case of pH above 5, only a weak adsorption was observed for nucleic acids onto
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montmorillonite, whereas pH decreasing from 5 to 3.5 significantly increased the adsorption
efficacies (Greaves and Wilson, 1969). The ability of model polysaccharides to induce
flocculation of mineral colloids at about neutral pH and in the presence of CaCl, was
investigated by several other studies (Labille et al., 2005; Devrimci et al., 2012). Devrimci et
al. (2012) recorded effective clay coagulation using sodium alginate at pH 7.3 (predominantly
smectite of initial 150 and 80 NTU) similarly to Labille et al. (2005), who evaluated
flocculation of montmorillonite suspension using several polysaccharides of bacterial origin
at pH7 (50mgL' of Na-montmorillonite, polysaccharide concentration of 0.5glL™,
1.25 mmol CaCl,,). At about neutral pH, both clay particles and polysaccharides prevail
negatively charged, hence their contact was most likely mediated by divalent calcium
cations. Calcium in these studies probably compressed the electrical double layer of
particles, reduced the distance and repulsive forces and allowed them to approach close
enough to be bridged by adsorbing macromolecules (Labille et al., 2005; Devrimci et al.,
2012). The ability to bridge particles emerges from polysaccharide macromolecular
configuration and their acidity (amount, location and thus the accessibility of the acidic sites)
(Labille et al., 2005). Indeed, the highest flocculent ability among polysaccharides used by
Labille et al. (2005) was proved by succinoglycan with two acidic moieties per unit

appropriately arranged on the side chain.

Considering the composition of AOM, some attempts assumed similar behaviour to
those polymers to be observed even between AOM and inorganic colloids. The enhancing
effect of AOM on the particles removal was reported already by Bernhardt and co-authors
(e.g. Bernhardt et al., 1985, 1987). They demonstrated that extracellular (EOM)
polysaccharides extracted from the green alga Dictyosphaerium pulchellum and model
alginic acids may at low levels (<1-2mgL" as C) serve as anionic and non-ionic
polyelectrolytes and contribute to the coagulation and agglomeration of quartz particles.
These polysaccharides behave analogously to polymer flocculants. They adhere on the
surface of impurity particles through hydrogen and covalent bonds, create so called inter-
particle polymer bridges, and consequently decrease consumption of a conventional
hydrolysing coagulant (Bernhardt et al., 1985, 1987, 1991). By contrast, increased EOM
levels (>2 mg L™ C), in dependence on pH, cause restabilisation of particles, prevent them
from aggregation, and thus increase residual organic content requiring elevated coagulant

doses (Bernhardt et al., 1985, 1987, 1991). Nevertheless, the key factor is the ratio of
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coagulant to organic matter. Bernhardt et al. (1991) reported the appropriate ratio to be 2-3
mg Fe per mg TOC (Total Organic Carbon). Furthermore, the effect and the crucial ratio are
species specific, and even the growth phase of the culture plays arole (Bernhardt et al.,
1987; Paralkar and Edzwald, 1996). For example, coagulation of quartz (initial 25 mg L™ of
sikron particles with grain size 2-12 um, pH 6.5, 5 mg L™ Fe) was favoured by EOM of the
cyanobacterium Pseudonabaena at concentrations up to about 1.5 mg L' DOC, but by only
up to 0.5 mg L'* DOC in the case of EOM derived from the diatom Melosira sp. (Bernhardt et
al., 1987). Another study by Paralkar and Edzwald (1996), who in contrast to Bernhardt et al.
(1985, 1986, 1987, 1991) focused on the ability of EOM to stand as the only coagulant,
demonstrated a contributing effect of EOM and model alginic acids onto coagulation of latex
particles (initial concentration of 5x10° particles mL™" of mean diameter 3.98 um). EOM of
the diatom Cyclotella sp., which contained, in comparison to other species used in that
study, the highest portion of high-MW (90% of EOM >30 kDa), assisted coagulation at
concentrations up to 0.01 mg L™ as C when adsorbed onto the positive surface of latex
particles and causing their charge neutralisation. Other species — the green algae
Scenedesmus quadricauda (65% of EOM >30 kDa) and Chlorella vulgaris (more than 40% of
EOM >30 kDa) as well as model alginic acids of 100 and 250 kDa proved to be of benefit at
about up to 0.1 mg L™ as C. Similarly to the studies by Bernhardt et al., with increasing DOC
of all the species, EOM presence induced gradual charge reversal and restabilisation of the
latex particles as supported by the measurements of electrophoretic mobility (Paralkar and

Edzwald; 1996).

Another study concerning the impact of AOM on turbidity removal (Takaara et al.,
2007) compared the effect of EOM and cellular organic matter (COM) (in this study titled as
IOM) of Microcystis aeruginosa on kaolin coagulation. They reported much stronger
coagulation inhibition in the case of COM compared to EOM. EOM brought just weak
inhibition even in 10 times higher DOC concentration than those of COM (EOM of DOC 112.5
and 214.9 mg L* reduced kaolin removal rate from 97.7% gained at single kaolin tests to
91.5% and 81.5%, respectively), while COM at initial DOC of 7.7 and 20.6 mg L™ caused the
decrease to 79.8% and completely prevented coagulation, respectively (initial kaolin
concentration of 20 mg L'}, a dose of 10 mgL™? polyaluminium chloride — PACI, pH 7). In

another study, Takaara et al. (2010) focused on the hydrophilic surface-bonded/retained
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organic matter (SOM) including lipopolysaccharides extracted in several ways from

M. aeruginosa and proved their potential to inhibit kaolin coagulation as well.

1.2.2 TREATMENT OF HUMIC WATERS

Except for seasonally elevated AOM concentrations, most of natural organic matter (NOM)
in surface waters is usually created by aquatic humic substances (HS) comprising humic and
fulvic acids (HA and FA) (Thurman, 1985). HS are of rather unclear structure with an aromatic
framework including aliphatic moieties, both giving hydrophobic nature, and various
ionisable hydrophilic carboxyl and phenolic functional groups, which dissociate in relation to
their respective pKj, values (Thurman, 1985; Collins et al., 1986; Newcombe, 1994; Duan and
Gregory, 2003; Sharp et al., 2006). The predominant contribution to the net negative charge
of humic matter probably comes from the deprotonation of carboxyl groups with
an effective pK, of around 4 (Campbell et al., 1997; Vigneault et al., 2000; Kam and Gregory,
2001; Duan and Gregory, 2003). HA and FA contain 3.5-4.5 mmol g™ and 5.0-6.0 mmol g™ of
carboxyl groups (Thurman, 1985), on average. Newcombe (1994) determined even 31 mmol
titratable groups per 1 g DOC of humic material. For Suwannee River humic and fulvic acid
fractions (SRHA and SRFA), Thorn (1995) reported a content of 4.9 mmol g'1 and 6.1 mmol g'1
of carboxyl groups, respectively. Humic acids, which have a lower content of carboxyl groups
and larger molecular size resulting in their lower aqueous solubility compared to fulvic acids
(Thurman, 1985), show favoured treatability, since similarly to AOM, coagulation effectively
removes HS with MW above 500 or 1000 Da and that of lower carboxyl acidity and hence,
lower anionic charge densities (Collins et al., 1986; Van Benschoten and Edzwald, 1990b;

Jiang and Graham, 1998; Wang et al., 2002; Matilainen et al., 2006; Ghernaout et al., 2009).

Typically, HS are effectively coagulated by alum in the pH range of 5-7 depending on
a coagulant type and both HS and coagulant concentrations (Van Benschoten and Edzwald,
1990b; Huang and Shiu, 1996; Wang et al., 2002; Duan and Gregory, 2003; Pivokonska et al.,
2008; Liu et al., 2009). In the case of HA, Cheng and Chi (2002) observed
effective coagulation within pH 4-5 enlarging to 4-7.5 as a coagulant dose increased from 2
to 10 mg L™ Fe (polyferric sulphate, commercial HA — 2-50 kDa, Aldrich Chemical Co., No.
H1,675-2). Non-depending of the used coagulant dose, they observed 90% maximum

removal rates as analysed by TOC and fluorescence intensity. Markedly lower removals

22



(about 40-50% TOC) of HS (isolated from lake sediment in Xi’an, China) were attained by
Wang et al. (2002) at pH 5 and 7. They gained the highest HS removal at pH 5 at a dose of
0.17 mg Al mg™ TOC (Aly(SO4);.18H,0) whereas, for the maximum removal at pH 7, about
5 times higher alum dose was required. Similarly, Van Benschoten and Edzwald (1990b)
observed also slightly better removals (by 10% on average determined as UV absorbance at
254 nm) of FA (extracted from the Provencial Brook in Princeton, Massachusetts, USA) at
pH 7 than at pH 5.5, but again with a double dose of PACI (0.5 vs 1 mg Al mg™ DOC approx.).
The coagulant demand increasing as pH rises could be attributed to a higher portion of
deprotonated HA/FA functional groups resulting in a higher charge density and accordingly
higher consumption of the coagulant, which shows a decreasing charge neutralizing capacity
at the same time (Kam and Gregory, 2001; Cheng and Chi, 2002). Since HS occur in
dissociated form over a wide pH range, when being coagulated, they interact with positively
charged either Al-hydroxopolymers or Al/Fe-oxide-hydroxides. Charge neutralisation, sweep
flocculation and adsorption are thereby commonly referred as removal mechanisms of HS
(Van Benschoten and Edzwald, 1990b; Huang and Shiu, 1996; Cheng and Chi, 2002; Wang et
al., 2002; Duan and Gregory, 2003; Ghernaout et al., 2009).

Although both HS and AOM may occur in surface waters at the same time,
simultaneous coagulation of AOM/cells and HS has not been sufficiently clarified. According
to Jiang et al. (1993), the presence of HS (extracted from upland raw water) disrupted
coagulation of the diatom Asterionella formosa. They investigated the removal of cells and
associated AOM released into the culture medium at a concentration of 2.5 mg L™ DOC by
four different coagulants: polyferric sulphate, ferric sulphate, aluminium sulphate and PACI.
They found that the increasing HS concentrations (0-5 mg L™ DOC) systematically reduced
coagulation performance for both cells and DOC and increased anticipated coagulant
consumption. For example, HS at 2 mg L™ reduced cell removals from 96 to 86%, from 80 to
61%, from 72 to 55%, from 90 to 70% and DOC removals from 61 to 45%, from 33 to 24%,
from 30 to 25%, from 52 to 32% for polyferric sulphate, ferric sulphate, PACI and aluminium
sulphate, respectively, under the same reaction conditions (about 5x10*cells mL?,
0.2 mmol L'* Al/Fe, pH 7.5). On the other hand, potentially beneficial interactions between
AOM and HS follow from the evidence of accumulation of HS on the surface of algal cells
(Campbell et al., 1997; Vigneault et al., 2000; Knauer and Buffle, 2001). These studies

concurred on the favoured adsorption of organic matter at biological surfaces at acidic pH.
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Campbell et al. (1997) recorded that the amount of FA associated with the surface of cells of
the cyanobacterium Synechococcus leopoliensis and the green alga Chlorella pyrenoidosa
significantly increased as the pH dropped from 7 to 4 and as FA concentrations rose from
0to 20 mg L™ FA. This observation corresponds to the findings of Vigneault et al. (2000),
who observed higher accumulation of SRHA/SRFA at the cell surface of the green alga
Selenastrum capricornutum at pH 5 than at pH 7 (0.8 vs 0.1 mg C m™ for SRHA and 0.6 vs
0.0 mg Cm™ for SRFA of initial concentrations 5 mgCL™). Similarly, Knauer and Buffle
(2001), who dealt with SRFA and three green algae: Chlorella sp., Scenedesmus subspicatus
and Chlamydomonas reinhardtii, observed specifically no adsorption onto algal surfaces at
pH 7 and 6 compared with up to 4 and even 31 mg SRFA m™ at pH 5 and 4, respectively, for
C. reinhardtii. In addition, accumulation of HS at cell surface appears to be also species-
specific. In comparison to C. reinhardtii, the adsorbed amount was 6 times lower for
Chlorella sp. and even 28 times lower for S. subspicatus under the same conditions (10 mg L™
SRFA at pH 4). On the contrary, Campbell et al. (1997) observed in case of S. leopoliensis and
C. pyrenoidosa almost equal exposed cell surface area of 9.7 and 10 x 10° um? mg™ FA,
respectively, corresponding to maximum surface adsorption of about 20 mg FA m™ at pH 4,
although, initial concentrations of FA in the experiments with those two species differed
(10 vs 14 mg L™ FA). Favoured accumulation at the cell surface as the pH is lowered from
circumneutral to pH 4 might be ascribed to the character of HS regarded as natural anionic
polyelectrolytes (Thurman, 1985; Duan and Gregory, 2003; Ghernaout et al., 2009). When
pH drops close to or below dissociation constants of carboxyl groups comprised in both HS
and cell surface, their ionization suppresses and they become protonated (Campbell et al.,
1997). Due to a decrease in the negative net cell surface charge potential as monitored by
the reduced absolute values of electrophoretic mobility (Campbell et al., 1997; Knauer and
Buffle, 2001), HS may attach to the cell surface. In this way, especially macromolecular
structures might be thus able to aggregate cells through the formation of bridges similar to
inorganic colloids (Ghernaout et al., 2009). On contrary, as pH increases, adsorbed layers of
HS, together with deprotonated functional groups of other surface-retained organics
increase the negative surface charge of algal cells and enhance their colloid stability
(Campbell et al., 1997; Kam and Gregory, 2001; Knauer and Buffle, 2001). It is likely that HS
interact with AOM and the cell surface through 1) electrostatic interactions, 2) hydrogen

bonding involving polar hydrophilic ionisable functional groups present either in HS or on the
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external cell surface, and 3) hydrophobic bonds forming between the hydrophobic regions of
organics adsorbed on the cell surface, where they interact with the HS hydrophobic domain

of either aliphatic or aromatic moieties (Campbell et al., 1997; Myat et al., 2014).

1.2.3 TREATMENT OF ALGAE-LADEN WATERS

The most challenging for water treatment plants (WTPs) is the collapse of algal blooms when
both algal cells and consequently high levels of cellular organic matter (COM) are present in
water. This could lead even to a breakdown of WTPs (Greene and Hayes, 1981; Henderson et
al., 2008a; Zhang et al., 2010; Stfeda et al., 2015). Therefore, it is well preferred to remove
intact cells without any damage that would cause the additional release of organic matter
and related adverse effects (Chow et al., 1999; Teixeira and Rosa, 2006, 2007; Fan et al.,
2013). Cell stability is generally ascribed to two factors: firstly, repulsive interactions that
result from the electronegative surface charge forming diffuse electrical double layers, and
secondly to the hydrophilic or steric effects caused by adsorbed water or macromolecules
and extracellular organic matter (EOM) on cell surfaces (Bernhardt and Clasen, 1991, 1994;
Edzwald, 1993b; Henderson et al., 2008a,c, 2010; Ma et al., 2012a; Vandamme et al., 2012).
This explains the easy combination of algal cells with the commonly applied coagulants
bearing a positive charge as proved by highly effective removal rates of algal or
cyanobacterial cells achieved in various studies (Henderson et al., 2008a,c, 2010; Vandamme

et al., 2012; Garzon-Sanabria et al., 2013; Gonzalez-Torres et al., 2014).

Algal cells are usually effectively coagulated through either charge neutralisation or
sweep flocculation depending on the applied pH value, type and dose of acoagulant,
generally above pH 5 (Bernhardt and Clasen, 1991, 1994; Edzwald, 1993b; Chow et al., 1999;
Briley and Knappe, 2002; Vandamme et al., 2012; Wu et al., 2012; Garzon-Sanabria et al.,
2013; Gonzalez-Torres et al., 2014). For instance, Gonzalez-Torres et al. (2014) reached 95.9-
97.6% and 98.6-99.6% removals of M. aeruginosa using aluminium and ferric coagulant
(Al(SO4)3 and FeCls), respectively, at concentrations of up to 10 mg LY Al/Fe (initial
(8+4)x10° cells mL?, at pH 6 and 7).

In spite of these highly effective removals, algal cells may not be removable by the
conventional treatment processes, i.e. coagulation/flocculation — sedimentation — followed

by filtration. This is given by their diverse morphologies and physiologies, especially their
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physical dimensions, low specific density, tendency to float, negative charge of surface and
high motility, which prevents flocs from settling and allows for their breakthrough rapid sand
filters into treated water (Bernhardt and Clasen, 1991, 1994; Briley and Knappe, 2002;
Teixeira and Rosa, 2006, 2007; Henderson et al., 2008a,c; Ghernaout et al., 2010). To
enhance cell flocs separation efficacy, the dissolved air flotation (DAF) tends to be employed
to replace the considerably problematic conventional clarification by sedimentation that
usually precedes filtration in a two-phase separation of suspension. Taking advantage of
algal buoyancy and low density (<1.2gcm3), DAF is less influential by the aggregation
efficiency compared to settling and separates even poorly aggregated suspension, which
appears to contain smaller and low dense flocs including those of algal or cyanobacterial
cells (Edzwald, 1993b; Vlaski et al., 1996; Teixeira and Rosa, 2006, 2007; Ghernaout et al.,
2009; Henderson et al., 2010). Nevertheless, as DAF performance was proved to depend on
efficient destabilisation of particles, efficient coagulation/flocculation remains still requisite
to effectively operate DAF and settling alike (Edzwald, 1993b; Vlaski et al., 1996; Teixeira and
Rosa, 2006, 2007).

Research addressing the impact of AOM on coagulation of algae-rich waters has so far
focused on EOM released in consequence of pre-oxidation as will be discussed in the
following section (Ma and Liu, 2002; Plummer and Edzwald, 2002; Ma et al., 2012a,b; Wang
et al., 2013) or via metabolic activity into culture media during the harvest of algal biomass
(Vandamme et al., 2012; Wu et al., 2012; Garzon-Sanabria et al., 2013). It was proved that
the coagulation of algae and cyanobacteria may be disrupted or even suppressed by the
presence of AOM (Henderson et al., 2010; Vandamme et al., 2012; Wu et al., 2012; Garzon-
Sanabria et al., 2013). For example, Garzon-Sanabria et al. (2013) harvesting the marine
microalga Nannochloropsis salina (initial ~ 1x10” cells mL?, OD;sq ~ 3.0) found that
carbohydrate content (8-19 mg L™ C) increased optimal doses of various coagulants. To
obtain equal 90% flocculation efficacies after 1h settling, alum coagulation at pH 5.3 needed
about 3-fold more AICl; (50 vs 160 mg L), a 7-fold dose was necessary when using synthetic
cationic polymers without pH control (3 vs 20 mg L), and almost 10-fold more chitosan was
required (5 vs 50 mgL’, pH6.5 before and pH8 after chitosan addition). Similarly,
Vandamme et al. (2012), who investigated the importance of AOM in flocculation of the
green alga Chlorella vulgaris (0.25 g L™" biomass concentration), reported the increased

demand of several coagulants in the presence of EOM carbohydrates at 5mglL™C.
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Equivalent 85% flocculation yields after 30 min sedimentation were reached at almost a 6-
fold dose of alum at pH 5.5 (20 vs 115 mg Lt Al>(S04)3.18H,0), 9-fold in the case of chitosan
at pH7.5 (8 vs 75 mgL"), about 4.5-fold for cationic starch without pH control (20 vs
90 mg L), and for pH-induced magnesium hydroxides flocculation a shift from pH 10.5 to
11.5 (22 vs 49 mgL™" NaOH) was required. Moreover, the AOM impact is highly pH and
species specific as supported by evidence of Wu et al. (2012). They recorded significantly
affected flocculation (induced by pH increase) of three freshwater and two marine algal
species at the presence of EOM polysaccharides. In the case of Chlorella vulgaris and its
flocculation at pH 10.5, the efficiency dropped from 92% to 40% and 7% due to
polysaccharide concentrations of 25 and 70 mg L™ (measured by the phenol-sulfuric acid
method, Dubois et al., 1956). For Scenedesmus sp. and Chloroccocum sp., 12.2 and
30.4 mg L™ decreased approximately 90% rates to 62% and 50%, respectively, at pH 10.5.
Further in the case of marine microalgae, concentrations of 21 and 43 mg L slightly reduced
removal rate of Nannochloropsis oculata from nearly 100% to about 80% at pH 9.5 and
finally, for Phaeodactylum tricornutum, 101 mgL™ at pH 9.5 had, in fact, no effect and
flocculation efficiency still ranged above 90%. Nevertheless, Wu et al. (2012) have
demonstrated that the adverse polysaccharide effects might be mitigated by the increase in
reaction pH (apart from C. vulgaris where the pH increase from 10.5 to 11.5 improved the
removal efficiency by no more than about 20%). On the other hand, Bernhardt and Clasen
(1991) assumed that flocculation of the green alga Dictyosphaerium pulchellum might be
enhanced, similarly to the quartz dispersion, by low EOM levels (0.1-2.0 mg L'* as C) and

accordingly disrupted by increased concentrations (>1-2 mg L™ C).

The AOM interference/improvement in coagulation/flocculation follows from its
charge characteristics. AOM may significantly affect the surface charge of algal cells and thus
consequently the coagulant demand as illustrated Henderson et al. (2010). EOM presence at
concentrations of 1.5+0.15, 0.6+0.01 and 1.0+0.2 mg L™ as C contributed by 84%, 5% and
30% to the electronegative surface charge of C. vulgaris, M. aeruginosa and A. formosa cell
suspensions (5.0x10° + 5.0x10%, 6.0x10°> + 1.5x10* and 5.0x10* + 1.2x10°cells mL?,
respectively) and required 1.7, 1.9 and 2.2-fold dose of alum for their charge neutralisation
(pH 7, Aly(SO4)3.18H,0, cell removals 94-99%) (Henderson et al., 2010). This study further
reported that coagulant demand decreased as MWs and charge density of EOM increased.

High content of high-MW matter (45% DOC >500 kDa) aided M. aeruginosa coagulation at
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pH5 when afar lower Al dose (0.0087 gm™ Al) provided sufficient cell removals and
prevented restabilisation of the system compared to suspension of C. vulgaris (0.0195 g m
Al) that has only about 5% of such high-MW DOC and where a restabilisation zone was
observed at atransition between the charge neutralisation and sweep flocculation

mechanismes.

To control the treatment of algae-laden waters, several studies (Bernhardt and Clasen,
1991, 1994; Henderson et al., 2008a,c, 2010) revealed a stoichiometric relationship between
coagulant demand and charge density or cell surface area. The former appears to be more
robust for establishing optimum coagulant doses as opposed to surface area, given that
charge density measurement (commonly through the zeta potential) would also take into
account the charge of associated released organic matter, irrespective of individual species
characteristics (Bernhardt et al.,, 1985, 1987, 1991; Henderson et al., 2008a,c, 2010).
Nevertheless, non-spherical species (i.e. large, filamentous, species with protruding
appendages or large colonies forming species) do not conform to these rules. They cannot
be treated as colloidal entities through charge neutralisation, thereby requiring the
mechanism of sweep flocculation through higher coagulant doses to be applied (Bernhadt

and Clasen, 1991; Henderson et al., 20083,c).

1.3 PRE-OXIDATION

To enhance coagulation/flocculation of algae, numerous studies have employed pre-
oxidation using various oxidants such as chlorine, chlorine dioxide, ozone, a combination of
ozone and hydrogen peroxide (Os/H,0,), potassium permanganate (KMnQ,) or potassium
ferrate (K,FeQ,) (Sukenik et al., 1987; Paralkar and Edzwald, 1996; Petrusevski et al., 1996;
Widrig et al., 1996; Ma and Liu, 2002; Plummer and Edzwald, 2002; Chen and Yeh, 2005;
Chen et al., 2009; Ma et al., 2012a,b; Coral et al., 2013; Pranowo et al., 2013; Wang et al,,
2013; Xie et al., 2013; Qi et al., 2016). The pre-oxidation is deemed effective in promoting
the coagulation of both algal cells and associated organic matter. The beneficial effect of
pre-oxidation lies in inhibition of algal cells and changes in their external structure reducing
colloidal cell stability, as shown by the decreasing absolute zeta potential or reduced
electrophoretic mobility (Sukenik et al., 1987; Ma and Liu, 2002; Plummer and Edzwald,
2002; Chen et al., 2009; Coral et al., 2013; Pranowo et al., 2013). Moreover, though
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maintaining the relative integrity of the cells, pre-oxidation stimulates algae to secrete
desirable amounts of algal organic matter (AOM) (Ma and Liu, 2002; Chen and Yeh, 2005;
Coral et al.,, 2013; Pranowo et al.,, 2013; Wang et al.,, 2013) of which particularly
macromolecules may favour algal coagulation. High-MW matter easily combines with
a coagulant, promotes coagulation and cell removal most likely through adsorptive bridging,
and possibly reduces the coagulant demand (Sukenik et al., 1987; Ma and Liu, 2002;
Henderson et al., 2010; Ma et al., 2012a; Pranowo et al., 2013; Wang et al., 2013; Xie et al.,
2013).

Pre-oxidation is beneficial for the algal removal particularly at low pre-oxidant levels
(Plummer and Edzwald, 2002; Wang et al., 2013). On the other hand, extensive pre-oxidant
levels lead to physiological stress associated with cells lysis and elevated excretion of
extracellular/cellular organic matter (EOM/COM) (including toxins, T&0O compounds and
DBPs precursors) which may, in turn, stabilise cells by increasing their negative surface
charge (Paralkar and Edzwald, 1996; Wang et al., 2013). Pre-oxidation is further
accompanied by degradation of released macromolecules into low-MWs, which are less
prone to coagulate, and thus not only reduce the coagulation efficiency, but also
concurrently increase consumption of the coagulant as mentioned above (Hoyer et al., 1987;
Paralkar and Edzwald, 1996; Plummer and Edzwald, 2002; Swietlik et al., 2004; Ma et al.,
2012a; Pranowo et al.,, 2013; Wang et al., 2013; Xie et al.,, 2013). On the other hand,
increased doses of pre-oxidant, especially ozone at longer reaction time, is then capable of
oxidising dissolved organic matter to carbon dioxide, which results in turn in residual DOC
decrease (Hoyer et al., 1987; Ma and Liu, 2002; Pranowo et al., 2013; Wang et al., 2013).
However, the effect of pre-oxidation differs not only with the oxidant dose and type, but
also among phytoplankton species, their growth phase and composition of AOM (Hoyer et
al., 1987; Widrig et al., 1996; Ma and Liu, 2002; Plummer and Edzwald, 2002; Coral et al.,
2013). This specifity was illustrated for instance by Plummer and Edzwald (2002) who
compared ozone and chlorine pre-oxidation of two different species. Pre-treatment with
ozone at 1.2 mg L' enhanced the removal of the green alga Scenedesmus quadricauda from
initial 83% to 94% and 99% reduction of cell counts when followed by coagulation with 0.2
and 1 mg L™ Al (PACI), respectively, and settling (initial 2x10* cells mL™, pH 6.5-6.8). In the
case of chlorination by 1 mg L™ Cl,, the alum dose as low as 0.25 mg L™ Al already provided

effective coagulation (99% removal of cells). On the contrary, neither pre-ozonization nor
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pre-chlorination showed any benefit for the diatom Cyclotella sp. On the other hand, the
dose as high as 3 mg L™ ozone/chlorine did not cause severe damage to Cyclotella cell wall
(1x10° cells mL?), whereas the same dose applied to Scenedesmus suspension had already
significantly altered cell morphology and caused cell lysis (Plummer and Edzwald, 2002).
Moreover, Plummer and Edzwald (2002) demonstrated that AOM released from pre-
oxidation of S. quadricauda suspension induced flocculation of this alga even without
addition of a coagulant obtaining 58%reduction in cell counts (1.2 mg L'* O; ~ 0.058 mg O
per 103 cells at pre-oxidation time of 30 min raised DOC concentrations from initial 0.2 to
over 1 mg L™). Nevertheless, single pre-chlorination with 1 mg L™ with no coagulant added

reduced only 10% of cells.

Moreover, pre-oxidation using chlorine, chlorine dioxide and ozone is associated with
the elevated risk of disinfection by-products (DBPs) (Petrusevski et al., 1996; Coral et al.,
2013; Xie et al., 2013). To mitigate the formation of DBPs, the permanganate is an effective
alternative (Chen et al.,, 2009) as supported by the findings of Xie et al. (2013). They
compared the effect of ozone and permanganate followed by alum coagulation,
sedimentation and downstream chlorination on the removal of M. aeruginosa and DBPs
production. Both pre-oxidants improved the initial cell removal efficacy of 56.7% (initial
(1.01+0.06)x10° cell mL™?, 0.8 mg L™* Al, pH 7) by 15-25% depending on the type and dose of
pre-oxidant with almost the same maximum cell removal rates (78% and 80.2% at dose of
1 mg L' KMnO,4 and 2 mg L™ 05, respectively). Analogously in the study by Chen et al. (2009),
both ozone and permanganate at optimum doses (1 mg L 05 and 1.25 mg LY KMnO,)
enhanced removal of Chlorella sp. from 84% to 91% and 98%, respectively through alum
coagulation (70 mg L™ (7.5% Al,03)) followed by sedimentation. However, permanganate has
been shown to be less destructive pre-oxidant. Up to 2 mg L of KMnO, induced mainly
release of EOM and surface-bonded/retained organic matter (SOM) without causing cell
damage or change in cell viability (Chen et al.,, 2009). Xie et al. (2013) recorded no DOC
increase using 2 mg L't KMnO, while the same dose of ozone caused DOC increase from 0.42
to 1 mg L. Consequently, permanganate did not affect the formation of DBPs while ozone
brought about the extensive destruction of cells, loss of their integrity and increase in low-
MW COM precursors of DBPs (Chen et al., 2009; Xie et al., 2013). In addition, permanganate
produces manganese dioxides (MnQ;) accelerating the flocculation kinetics at higher pH

(Chen et al., 2009; Wu et al., 2012). Colloids formed by hydrous MnO, serving as initial cores
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of precipitation facilitate the formation of primary aggregates, increase particle
concentration and thus collision frequency. As another benefit, MnO, together with the
released EOM/SOM/COM adsorb onto the cell surface and thus promote the growth of flocs
with increased size, specific weight and settling velocity (Petrusevski et al., 1996; Ma and Liu,

2002; Chen and Yeh, 2005; Chen et al., 2009; Ma et al., 2012a,b; Pranowo et al., 2013).

It follows that research into the pre-oxidation of algae-laden waters has been dealing
with the whole algal suspensions rather than with single AOM (Ma et al., 2012a,b; Wang et
al., 2013; Xie et al., 2013) and if so, even though COM most likely forms the bulk of AOM in
surface waters after the decline of an algal bloom, attention has been given predominantly
to the EOM fraction (Hoyer et al., 1987; Paralkar and Edzwald, 1996; Widrig et al., 1996).
Similarly to the cells, the effect of pre-oxidation on the removal of EOM is species-specific
and changes with a dose of both the coagulant and pre-oxidant as observed in the study by
Widrig et al. (1996). At a relatively low dose of 0.8 mg O3 mg™ C, pre-ozonation performed at
pH 8 and followed by coagulation at pH5 (a dose of 2.96 mmol Fe) improved removal of
EOM derived from M. aeruginosa, S. quadricauda and D. pulchellum by about 5-15%
depending on specific species (Widrig et al., 1996). On the other hand, they observed an
increase in lower-MW fractions indicating the plausible cleavage of polymers to smaller units
when pre-oxidation induces the breakage of e.g. glycosidic bonds in saccharide compounds
followed by their oxidation (Hoyer et al., 1987; Paralkar and Edzwald, 1996). Either adsorbed
or released organics might be oxidised to more polar forms. Pre-oxidation reduces their
aromaticity and increases negative charge, thereby enhancing interactions of especially
carboxyl groups in surface associations with coagulant species (Reckhow et al., 1986; Paralar
and Edzwald, 1996; Shao et al., 2014). In addition, ozonation was observed to break-up
organo-metal complexes and re-release oxidized metals (e.g. Fe(lll) or Mn(1V)) (Reckhow et
al.,, 1986). Additionally, also microcystins (MCs) having MW as low as about 1 kDa, which
usually demand implementation of advanced techniques such as membrane nano-filtration
(Teixeira and Rosa, 2005; Dixon et al., 2010) or adsorption onto activated carbon (Ho et al.,
2011), were shown to be oxidised and thus consequently degraded by pre-oxidation using
potassium permanganate (Chen et al., 2005; Jurczak et al., 2005; Rodriguez et al., 2007; Fan
et al.,, 2013; Shao et al., 2014). In the studies by Jurczak et al. (2005) and Rodriguez et al.
(2007), permanganate secured rapid degradation of MCs and maintained their

concentrations below the guideline value of 1 ug L™ for MC-LR (-L = leucine, -R = arginine)
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established by the World Health Organisation (WHO, 2011) and implemented in the Czech
national legislation (the decree No. 252/2004 Coll.). The reaction rate has been reported to
accelerate with increasing temperature and oxidant concentration with a negligible effect of
pH (Chen et al., 2005); another important factor is also reaction time (Fan et al., 2013).
Nevertheless, dependence on the initial MCs concentration is contradictory (Chen et al.,
2005; Rodriguez et al., 2007). To keep the balance between avoiding extensive pre-oxidation
and improving the removal of algae/AOM, moderate pre-oxidant levels considering specific
conditions of both source water and employed water treatment processes should be applied

(Hoyer et al., 1987; Rodriguez et al., 2007; Coral et al., 2013; Fan et al., 2013).
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2 MOTIVATION AND OBJECTIVES

In the context of eutrophication of aquatic environments, drinking water production faces
incidence of algal blooms in surface water resources. Algal organic matter (AOM) is generally
believed to disrupt the coagulation and affect even the removal of other impurities naturally
occurring in source water. However, only ahandful of studies have dealt with their
simultaneous coagulation and preferably focused on extracellular organic matter (EOM).
Moreover, most existing studies have predominantly discussed coagulation dependence on
a coagulant dose rather than pH value and hence have not systematically explained the
conditions and mechanisms under which AOM may influence coagulation. What has not
received much attention so far is cellular organic matter (COM) released after cell lysis,
which may form a majority of dissolved natural organic matter contained in surface waters
(Henderson et al., 2008b). COM shows in comparison to EOM higher degree of hydrophilicity
reflecting its limited treatability (Fang et al., 2010; Li et al., 2012; Liao et al.; 2015). It was
also found to be much more involved in coagulation interference rather than the EOM
fraction (Takaara et al.,, 2007). And furthermore, COM were reported to create higher
amounts of DBPs, including nitrogenous ones (except for trichloronitromethane) (Fang et al.,
2010), which corresponds to a larger portion of proteinaceous matter comprised in COM

when compared with EOM (Pivokonsky et al., 2006; Henderson et al., 2008b).

For these special characteristics, which make the COM fraction by far the most
significant, this Ph.D. thesis addresses the challenges that COM poses for water treatment by
examining its traits, potential of removal and impact on coagulation of other particles or
molecules present in surface waters. The knowledge of the character of COM is essential for
understanding its treatability, evaluation of the level of interference, and subsequent
optimization of the removal processes. Finally, by looking into interactions between COM,
other impurities and coagulants, this thesis indicates the optimum coagulation conditions

and presents novel data and insights into the impact of cyanobacterial COM on coagulation.

The emphasis is placed preferentially on the proteinaceous part of COM of the
common cyanobacterium Microcystis aeruginosa that has been reported to comprise
approximately 60% of cellular matter (Pivokonsky et al., 2006, 2009, 2012; Henderson et al.,
2008b). To test our hypothesis that COM may enhance coagulation of various impurities

under properly designed reaction conditions, we ran the jar tests with mixtures of
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M. aeruginosa proteinaceous COM and kaolin particles or humic substances and whole COM
and cells of Merismopedia tenuissima. The coccoid cyanobacterium M. tenuissima has been
chosen as it represents a widespread species of atiny cell size (not exceeding 2 um in
diameter) (Hornstrom, 1999; Komdrek, 2003; Dantas et al., 2011; McGregor, 2013) allowing
cells to break through water treatment plants (WTPs) and pass into treated water.
Moreover, unlike other phytoplankton species, and occupying nearly the entire water
column (Dantas et al., 2011; Koza and Rederer, 2014), M. tenuissima does not create the
typical cyanobacterial upper bloom near the water surface. Thus, WTPs cannot prevent
M. tenuissima from its input by adjusting the depth of the sampled profile. We coagulated
this cyanobacterium in the presence of its whole COM to simulate natural conditions after

the decay of its populations.
The specific objectives of the study were addressed as follows:

= Characterise  AOM derived from various phytoplankton species (cyanobacteria
Microcystis aeruginosa and Merismopedia tenuissima, green alga Chlamydomonas geitleri,
and diatom Fragilaria crotonensis) in terms of molecular weight (MW) distribution,
hydrophobicity, charge and protein content, traits important from the perspective of water

treatment by means of coagulation (Publications 1, 2, 8).

® |nvestigate coagulation of hydrophilic proteinaceous COM of M. aeruginosa
(Publications 3, 4, 5, 7), the entire COM of M. tenuissima (Publication 8), hydrophobic kaolin
suspension representing clay colloids (Publications 1, 5) and peat humic substances (HS)
standing for another fraction of natural organic matter (NOM) (Publication 4), as well as
cyanobacterial cells of M. tenuissima (Publication 8); assess the impact of COM on the

coagulation of aforementioned impurities (Publications 1, 4, 5, 8).

® |nvestigate the impact of pre-oxidation step on the coagulation of proteinaceous COM

of M. aeruginosa using potassium permanganate as a pre-oxidant (Publication 7).

= Review the up-to-date knowledge of the AOM with respect to its treatability,
coagulation mechanisms, impact on the drinking water treatment techniques and quality of

purified water; outline the knowledge gaps for future endeavours (Publications 3, 6).

Those aims were fulfilled by carrying out series of experiments in a laboratory scale.
Specific results have been published in eight papers that constitute the main body of this

Ph.D. thesis.
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3 SUMMARY

The Ph.D. thesis evaluates differences between extracellular (EOM) and cellular (COM)
organic matter of four phytoplankton species: Chlamydomonas geitleri, Fragilaria
crotonensis, Microcystis aeruginosa and Merismopedia tenuissima. Choosing COM as a more
challenging issue for water treatment than EOM fraction, we assessed the removability of
COM derived from two cyanobacterial species: M. aeruginosa and M. tenuissima. In the case
of M. aeruginosa, the emphasis was dominantly placed on the proteinaceous part of COM.
We investigated the effect of COM on coagulation of other impurities occurring in surface
water sources, i.e. kaolin, humic substances (HS) and cyanobacterial cells. Based on charge
relations of single components and coagulants, we discussed the plausible interaction
mechanisms between them in relation to a pH value and coagulant dosage. Finally, we
reviewed the removability of algal organic matter (AOM) by means of various water

treatment techniques and the impact of AOM on those technologies.

The specific results can be summarised as follows:

1) The four microorganisms (Chlamydomonas geitleri, Fragilaria crotonensis, Microcystis
aeruginosa and Merismopedia tenuissima) demonstrated several similarities; however, their
traits changed with both the species and the growth phase. All the microorganisms’ AOM
shared significant proteinaceous portion, molecular weight (MW) diversity as well as
predominantly hydrophilic nature corresponding to low specific UV absorbance (SUVA). The
values of all parameters except for SUVA rose as the cultures grew and they also revealed
the differences between EOM and COM. Furthermore, both EOM and COM of all four
species contained large portions of low-MW (<1 kDa) and high-MW (>100 kDa) non-
proteinaceous matter, whereas their proteinaceous fractions exhibited narrower MW
distribution and insignificant content of low-MWs. Nevertheless, the proteinaceous low-MW
fraction might be underestimated or the non-proteinaceous low-MW fraction in turn
overestimated due to the limitations of the salting out method for isolating amino acids

(Publications 1, 2, 8).

2) Coagulation of all individual impurities highly depends on the reaction pH that not only
governs the charge traits of the components and coagulant species, but also controls

coagulation mechanisms accordingly.
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Both the proteinaceous COM of M. aeruginosa and the entire COM of M. tenuissima
succumbed to efficient coagulation in the acidic pH (4.0-6.0 with Fe or 5.2-6.7 with Al in the
case of proteinaceous COM of M. aeruginosa and 5.0-6.0 with Fe for M. tenuissima COM)
and with the removal rates of 60-85% and 43-53%, respectively, depending on the initial
dissolved organic carbon (DOC) concentration. Under those conditions, COM undergoes
charge neutralisation by polynuclear cationic  Al/Fe-hydroxopolymers. Al/Fe-
hydroxopolymers interact with dissociated functional groups in COM (in particular carboxyl
ones) and allow for its destabilisation. Moreover, limited removals were obtained at around
neutral pH 6-8 when COM can adsorb onto the cationic surface of colloidal Al/Fe-oxide-
hydroxides by not only forming hydrogen or covalent bonds, but also facilitating ligand
exchange (Bernhardt et al., 1985). Nevertheless, the extent of AOM removal by adsorption
mechanism is usually less significant since adsorption is effective only at the low
DOC:coagulant ratio (e.g. <0.33 for Fe). Within the given pH range (6-8), gradual
restabilisation is more likely to occur instead; COM extensively occupies Fe-oxide-hydroxide
surface, raises its negative charge density, and causes consequential charge reversal and
stabilisation (Bernhardt et al., 1985; Pivokonsky et al., 2012) (Publications 3-8). Bovine serum
albumin (BSA) was proved to be asuitable model protein coagulating in a narrow pH
optimum of 5.8-6.2 (for Al) and with a maximum removal rate of 85% under the used

conditions (Publication 4).

The kaolin suspension was coagulated much more effectively at about neutral pH (6.4-
8.0 for ferric and 7.0-8.5 for aluminium coagulant) with maximum turbidity removal of 99%.
The presence of M. aeruginosa proteinaceous COM substantially shifted the pH for turbidity
removal to the moderately acidic pH as for single proteinaceous COM (4.0-5.5 for Fe and 5.0-
6.5 for Al) and altered coagulation mechanisms accordingly. While single kaolin interacted
preferably through adsorption of Fe-oxide-hydroxides onto the electronegative surface of
kaolin particles (Bernhardt et al., 1985), the proteinaceous COM-kaolin mixture yielded to
charge neutralisation by Al/Fe-hydroxopolymers. Moreover, proteinaceous COM induced
kaolin flocculation probably through inter-particle bridging even in the absence of
a coagulant at acidic pH (approx. <4.5), but only with lower DOC removal rates (about 45%)
compared to the tests with Al/Fe. Otherwise, at higher pH when COM contains a higher rate

of dissociated carboxyl groups, COM in turn stabilises kaolin suspension (Publications 1, 5).
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In the case of humic substances (HS), maximum DOC removal rate of 65% was gained
at pH 5.5-6.0 for aluminium by means of charge neutralisation with Al-hydroxopolymers.
Similarly to single proteinaceous COM of M. aeruginosa, HS were removed to some extent
even at pH 6-7 due to their adsorption onto Al-oxide-hydroxides. The addition of BSA or the
proteinaceous COM did not almost change the optimum pH for HS removal, but produced
higher DOC removals (of about 80% for COM-HS and of 83% for HS-BSA) using even lower
coagulant doses than for single HS (almost twice as lower in the case of the COM-HS and
almost 3.5 times lower for the BSA-HS mixture). In addition, a noticeable DOC reduction was
observed even at pH <5 for both mixtures even though the coagulant remained dissolved
and did not participate in coagulation. In the tests without the coagulant, proteinaceous
COM induced flocculation of HS through inter-particle bridging at acidic pH below 3.5-4.5
with DOC removals of 55-69%, in the case of BSA at pH below 4.0-4.5 with DOC removal
efficiency of 68-77%, depending on DOC initial ratio of those components. However, at
higher pH, flocculation was not effective without the addition of the coagulant due to the
repulsion between negatively charged functional groups within the organic molecules

(Publication 4).

Coagulation tests with cell suspensions of M. tenuissima proved maximum cell
removals of 99% in the pH range of 6.0-7.7 for ferric coagulant. Simultaneous coagulation of
cells and associated COM then considerably changed the pH optimum and consequently the
interaction mechanisms. While single electronegative cells readily adsorbed onto Fe-oxide-
hydroxides at about neutral pH, the COM-cells mixture succumbed charge neutralisation by
Fe-hydroxopolymers within moderately acidic pH corresponding to the pH optimum for
single COM (5.0-6.5). Additionally, COM induced cells flocculation also at acidic pH (3.4-3.9 in
the presence and 3.6-4.6 in the absence of the coagulant) with nearly the same COM/cell
removal rates. Furthermore, the tests with COM-cell mixtures produced similar COM/cell

removals using even lower coagulant doses than the single component tests (Publication 8).

Electrostatic interactions, hydrogen or hydrophobic bonding facilitating inter-particle
bridging between COM and kaolin particles, humic substances or cells proved to be
beneficial for the coagulation/flocculation of those components. Inter-particle bridging is
particularly ascribed to high-MW COM (>10 kDa) serving as a cationic polymer flocculant aid

(Henderson et al., 2010; Ma et al.,, 2012a). These polymer chains akin to cationic
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polyelectrolytes may protrude from HS, kaolin or cell surfaces, overcome the repelling forces
and the distance between those particles, thus triggering their aggregation (Gregory, 1973,
1996; Bernhardt et al., 1985; Henderson et al., 2010) (Publications 1, 4, 5, 8).

3) Relatively low removals of M. tenuissima COM and M. aeruginosa proteinaceous COM
can be ascribed to the prevalence of hydrophilic fraction and to the high portion of low-MWs
(<10 kDa) as they proved to be less prone to coagulation if they are either of saccharide
(Bernhardt et al., 1985) or proteinaceous nature (Pivokonsky et al., 2012) compared to high-
MW and hydrophobic matter (Ghernaout et al., 2010) (Publications 3, 4, 8). Moreover, the
proteinaceous COM of M. aeruginosa was interfering with the coagulation by the formation
of soluble organo-metal complexes at about pH 6.2 for Fe and 6.8 for Al either in the single
proteinaceous COM coagulation tests, or in the tests with the proteinaceous COM-kaolin

mixture (Publications 1, 3, 5).

When applied permanganate, pre-oxidation followed by coagulation with ferric
sulphate enhanced the removal of proteinaceous COM of M. aeruginosa by 5-12%
(depending on the permanganate dose) compared to coagulation alone. Higher DOC
removals probably stem from the decomposition of organics to inorganic carbon; on the
other hand, pre-oxidation could simultaneously degrade high-MW matter into low-MW
organics that have been proved to be less amenable to coagulation and thus decreasing the
coagulation efficacy. Pre-oxidation further slightly lowered coagulant doses (from 7.0 to
6.4 mg L™ Fe for initial 8 mg L DOC) and extended pH optimum (from 4.3-6.0 to 4.0-7.3).
The shift in the pH is given probably by the formation of hydrous manganese dioxide (MnO,)
that might be involved in adsorption processes. However, considering the acceptable
residual manganese levels, the coagulation pH above 5.5 can be recommended (for doses of
0.2 and 0.4 mg KMnO, mg'DOC). Besides, permanganate pre-oxidation eliminated
concentrations of toxic microcystins and prevented the formation of organo-metal

complexes (Publication 7).
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4 CONCLUSIONS

Based on Publications 1-8, the following conclusions can be drawn:

Coagulation was proved to be effective in the treatment of either turbid or algae-laden
waters removing both colloid kaolin particles and cells of cyanobacterium M. tenuissima.
Despite relatively low AOM removability, coagulation remains the key water treatment step
that requires proper optimisation of reaction conditions in all cases. Considering the
complex nature of AOM reflected by the differences between EOM and COM, the treatment
strategy for source water containing algae or cyanobacteria should take into account not
only the species and the growth phase of phytoplankton populations, but the COM release

as well.

Most notably, the evidence of this study supports the claim that the increased COM
levels may not inevitably deteriorate the coagulation process. Provided that COM interacts
with other impurities, those interactions can in turn lower coagulant doses and not only
enhance the turbidity removal, but also favour the coagulation efficacy of other organics
represented by peat humic solution when compared with the treatment of single
components alone. Moreover, in particular high-MW COM induces flocculation and
aggregation of those impurities even in the absence of the coagulant at acidic pH
(approximately <4.5). Low-MW matter, by contrast, withstands coagulation and requires the
introduction of additional sophisticated technologies such as membrane filtration or
adsorption onto activated carbon. The COM removability itself may be then enhanced by
permanganate pre-oxidation that additionally obviates the formation of organo-metal

complexes.

Unlike previous studies, our findings are the first to demonstrate that even increased
concentrations of AOM may contribute to effective coagulation of algae. This outcome has
clear implications for the flocculation-based harvest of algal cultures for e.g. biofuel
purposes. In drinking water treatment, a decrease in pH might be a prerequisite for the
efficient coagulation of both COM and algal or cyanobacterial cells during the decay of algal
blooms. However, considering plausible further cell lysis and subsequent extensive COM

release in the acidic pH range, the coagulation pH about 5.0-5.5 can be recommended.
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The study investigated the influence of cellular peptides and proteins derived from cyanobacterium
Microcystis aeruginosa on the coagulation of kaolin particles during water treatment. To describe the
coagulation mechanisms, coagulation system constituents (peptides/proteins, kaolin and coagulant) were
characterized in terms of their surface charges. The removal mechanisms of peptides/proteins and kaolin
were evaluated by the comparison of the coagulation tests performed with and without coagulant (ferric
or aluminum sulfate). We confirmed the peptide/protein inhibiting effect on coagulation through the for-
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Coagulation for Al. On the other hand, we demonstrated that cyanobacterial peptides/proteins also have positive

effects as they induce the coagulation of hydrophobic kaolin particles within the pH range 4-6 for Fe
and 5-6.5 for Al. Interestingly, when peptides/proteins bear a sufficiently low amount of negative charge
(pH < 4.5), they can coagulate with kaolin by means of electrostatic interactions even in the absence of a
coagulant. The study showed that peptides/proteins produced by M. aeruginosa can serve as coagulation
aids and contribute to the turbidity removal at pH values below neutral (pH < 6 for Fe and pH < 6.5 for Al).
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1. Introduction

Eutrophication, followed by the growth of cyanobacteria, such
as Microcystis aeruginosa, brings about several issues in drinking
water treatment, especially when algal organic matter (AOM) is
released into raw water [1-3]. A number of deleterious effects of
AOM on drinking water treatment has been reported: reduction
of coagulation efficiency resulting in a rising coagulant demand
[1-5], increased membrane fouling [5], filter clogging, higher yield
of sludge as a result of an increased coagulant dose [1] and disin-
fection by-product formation [6]. In addition, AOM affects the col-
or, taste and odor of drinking water [6] and a number of
cyanobacterial species also excrete toxic metabolites which can
cause health problems [7]. AOM comprises extracellular organic
matter (EOM) resulting from the algal metabolic activity and cellu-
lar organic matter (COM) released into water during the cell decay.
In a simplified way, AOM can be divided into peptide/protein and
non-peptide organic matter [8-10].

In surface water, AOM is usually accompanied by other impuri-
ties, most commonly by inorganic colloidal particles which need
to be removed together with AOM during the water treatment pro-
cess. Some authors have, therefore, focused on the coagulation inhi-
bition caused by AOM, specifically on the effect of AOM on the
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coagulation of inorganic colloidal particles, such as quartz or kaolin
[1,8,9]. Particular attention has been paid to COM peptides and pro-
teins that are able to form soluble complexes with coagulants, which
results in a coagulant consumption and a subsequent decrease in
coagulation efficiency [1,8-11]. Moreover, AOM was also reported
to interfere with the coagulation using cationic biopolymers such
as chitosan and cationic starch [4]. Cationic biopolymer coagulants
may interact with oppositely charged polyelectrolytes within the
AOM, such as carbohydrates and proteins, which leads to the disper-
sion restabilization [4]. On the other hand, some studies suggested
that cyanobacteria-derived organics might enhance the coagulation
of other impurities under specific conditions [1,3], similar to a range
of natural polymers commonly used in water treatment (e.g. chito-
san, sodium alginate, and seeds of Moringa oleifera) [12]. To achieve
an efficient coagulation in a system consisting of multiple impurities
such as inorganic colloidal particles and AOM, it is necessary to
understand the pathways by which these impurities are removed.
Although researchers have investigated the coagulation mecha-
nisms of inorganic colloidal particles and organic matter, the major-
ity of studies have focused separately on the interactions between
the coagulant and only one of these impurities [11,13-16]. Little
work has been carried out to elucidate the coagulation mechanisms
when both these impurities (AOM and inorganic colloidal particles)
are present in raw water [8,9]. The highest concentrations of dis-
solved AOM are present in surface water during the algal bloom de-
cay in the form of COM released from damaged cells. At that time, the
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most serious deterioration of coagulation process is usually ob-
served [2]. It was reported that the major portion of cyanobacterial
COM is represented by peptides and proteins [10].

Therefore, the purpose of this study was to examine the coagu-
lation behavior of the system consisting of COM peptides/proteins
produced by cyanobacterium M. aeruginosa and hydrophobic
kaolin particles, which represented inorganic colloids. The study
focuses on understanding the interaction mechanisms between
COM peptides/proteins, kaolin particles and hydrolysis products
of coagulants (Al and Fe salts). Because both AOM and kaolin
removal has been reported to be highly pH-dependent
[11,13-15,17], particular emphasis was put on the effect of pH
on the coagulation efficiency.

2. Experimental
2.1. Cultivation of M. aeruginosa

The inoculum of cyanobacterium M. aeruginosa was obtained
from the Culture Collection of Algal Laboratory, Institute of Botany,
AS CR, Czech Republic. The culture of M. aeruginosa was harvested
on the 16th day of cultivation during the steady-state growth,
when the concentration of chlorophyll-a was 2340 pg L~!. Method-
ologies of cultivation and chlorophyll-a measurements are
described in the literature [10].

2.2. COM peptide/protein preparation

The M. aeruginosa cells were separated from the growth media
by a 0.22 pm membrane filter (Millipore, USA). To obtain COM, the
cells were mixed with ultra-pure water (200 ml) and disrupted in
ice bath using an ultrasonic homogenizer (UP400S, Hielscher Ultra-
sonics, Germany) at 60% amplitude of ultrasonication (240 W) in
pulse mode for 5 min. Dissolved COM was separated from residual
solids by a 0.22 um membrane filter (Millipore, USA) and thereaf-
ter concentrated tenfold in a rotary evaporator (Laborota 4000 HB/
G1, Germany) at 20 °C. Peptides/proteins were isolated from the
COM by precipitation using (NH4),SO,4, the methodology of which
is described in our previous studies [10,15]. The peptide/protein
precipitate was then separated from the dissolved non-peptide
organic matter by filtration through a 0.22 pum membrane filter
(Millipore, USA) and dissolved in 200 ml of ultra-pure water. The
obtained peptide/protein solution was purified using an ultrafiltra-
tion membrane PLAC 1000 Da (Millipore, USA) and a Solvent Resis-
tant Stirred Cell (Millipore, USA). To determine the portion of
peptide/protein and non-peptide (comprising mostly saccharides
and polysaccharides) matter in COM, DOC concentration was ana-
lyzed in the filtrate as non-peptide DOC (DOCyp). The peptide/pro-
tein portion DOCp was calculated as follows [10]:

DOCp = DOCr — DOCyp (1)

where DOGCp is the amount of peptide/protein DOC, DOCy the total
DOC of the COM, and DOCyp the amount of non-peptide (saccha-
ride) DOC. The peptide/protein precipitations were carried out in
triplicate and errors of DOCp calculation were less than 5% and final
DOCp concentrations were around 500 mg L1

2.3. COM peptide/protein characterization

2.3.1. DOC analysis

Concentration of peptide/protein COM was monitored as dis-
solved organic carbon (DOC) in samples filtered through a 0.22 um
membrane filter (Millipore, USA) using a Shimadzu TOC-Vcpy
analyzer (Shimadzu Corporation, Japan). TC-IC method, which
measures total organic carbon (TOC) as the difference between total
carbon (TC) and inorganic carbon (IC) analysis values, was em-

ployed. All measurements were conducted in triplicate and errors
of measurement were less than 2%.

2.3.2. Molecular weight fractionation

Apparent molecular weights (MW) of COM peptides/proteins
were determined by high performance size exclusion chromatog-
raphy (HPSEC) using Agilent Bio SEC-5 100 A, 300 A and 500 A col-
umns (7.8 x 300 mm, 5 um) connected in series (separation range
100-1,250,000 Da). The HPLC system (Agilent Technologies, USA)
was coupled with a diode array detector (DAD) operated at
280 nm and it was calibrated using peptide and protein SEC stan-
dards (Sigma-Aldrich, USA) of MW range from 224Da to
900 kDa. The apparent MWs were calculated using a semi-log cal-
ibration curve (r = 0.98). Reproducibility of the MW fractionation of
COM peptide/protein samples was very good, with MW deviations
of less than 3% from repeated measurements. The methodology of
HPSEC is described in detail elsewhere [11].

2.3.3. Charge determination

Isoelectric focusing (IEF) carried out with a Multiphor II electro-
phoresis system (Pharmacia, Sweden) was performed to determine
isoelectric points (pl) of isolated COM peptides/proteins. This
method is further described in our previous study [11].

Determination of the amount of peptide/protein functional
groups which are able to accept proton (or dissociate) and, there-
fore, bear a charge was undertaken by potentiometric titrations
performed under nitrogen atmosphere using an Orion 960 Autoti-
trator (Thermo Scientific, USA). The samples containing COM pep-
tides/proteins (DOCp ~ 500 mg L~!) were prepared in 150 ml of
ultra-pure water with 0.1 M NaCl. After their pH value had been
adjusted to 12 by 1 M NaOH, the samples were titrated to pH 1.5
using 0.05 M HCI at a constant temperature 25.0 + 0.2 °C. A blank
titration was also performed under the same conditions. The num-
ber of deprotonated functional groups present in peptides/proteins
was determined as the difference between the peptide/protein
titration curve and the blank curve [18]. It can be assumed that
the points of titration curve with the minimum rate of change in
pH with added H' ions represent dissociation constants of pep-
tide/protein functional groups. Moreover, points of titration curve
with the maximum rate of change in pH with added H* ions were
taken to be equivalence points. They indicate the pH value where
the influence of one functional group on the titration process starts
and the influence of another one ends [19]. The difference in a
number of accepted H* ions between the two equivalence points
corresponds with the amount of a specific functional group which
dissociate in the pH range between these equivalence points. The
number of a specific functional group was calculated as follows:

Nk = Nj;(I) = Nji (1) (2)

where Ny is the number of a specific functional group, N (I,) is the
amount of added H" ions in equivalence point 1 where dissociation
of the given functional group starts, N;j(I>) is the amount of added
H* ions in equivalence point 2 where dissociation of the given func-
tional group ends.

2.4. Kaolin characterization

The kaolin clay (particles <4 pum) was obtained from the deposit
of Sedlec (Sedlecky Kaolin, Czech Republic). Kaolin was dispersed in
ultra-pure water, then homogenized using an ultrasonic homoge-
nizer (UP400S, Hielscher Ultrasonics, Germany) at 100% amplitude
of ultrasonication (400 W) in pulse mode for 30 min, and immedi-
ately after homogenization used in coagulation experiments.

2.4.1. Kaolin charge determination
Its pH-dependent charge was determined by potentiometric
titrations performed at three electrolyte concentrations. Specifi-
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cally, 40 g of kaolin clay (<4 pm) was mixed with 1.0,0.1 and 0.01 M
solutions of NaCl and the final volume was 400 ml. Then, 0.1 M
NaOH was added to reach an initial pH of 12 and the samples were
titrated with 0.1 M HCl to pH 2.5 in nitrogen atmosphere using an
Orion 960 Autotitrator (Thermo Scientific, USA). Blank titrations
were also performed. The relative charge was determined from the
difference between titration curves and blank curves and was then
plotted against pH. The point of zero charge (pzc) of kaolin was
estimated at the pH where titration curves crossed [20].

2.5. Coagulation tests

Jar testing was done with the variable speed eight position paddle
stirrer (LMK 8-03, IH ASCR, Czech Republic) and 2L jars. Either alumi-
num (Al5(SO4)3-18H,0; Sigma-Aldrich, USA) or ferric sulfate (Fe,(-
S04)3-9H,0; Sigma-Aldrich, USA) were used as coagulants. To
enable the description of probable coagulation mechanisms, three
types of jar tests were compared: (1) with kaolin (25mgL™!,
Tu~ 100 NTU), (2) with kaolin (25 mgL~!, Tu~ 100 NTU) and
COM peptides/proteins (DOC concentrations of 1,3,5and 8 mg L)
together and (3) with kaolin (25 mg L™}, Tu ~ 100 NTU) and COM
peptides/proteins (DOC concentrations of 1, 3,5 and 8 mg L~!) with-
out a coagulant (Al or Fe). The model water, into which kaolin and
COM peptides/proteins were added, was ultra-pure water with alka-
linity adjusted to 1.5 mmol L™! (75 mg L~! CaCO3) by NaHCO5 and
with pH 8.5. To describe the effect of COM peptides/proteins on
the coagulation of kaolin particles, the dose of the Al/Fe coagulant
was optimized for kaolin (25 mgL~!, Tu~ 100 NTU) by the tests
without pH control and with coagulant doses ranging from 0.037
to 0.370 mmol L~! Al (1-10 mg L~! Al) or 0.018 to 0.180 mmol L™!
Fe (1-10 mg L~ Fe). The change in pH was dependent on the Al or
Fe dose and ranged from 3 to 10. The influence of coagulant dose
on the removal of COM peptides/proteins was determined in our
previous studies [11,15]. For experiments with pH control and the
optimized coagulant dose (0.075 mmol L~! Al, 0.072 mmol L~! Fe),
the target pH (varying between 3 and 10) was adjusted by adding
a predetermined amount of 0.1 M NaOH or 0.1 M HCI prior to the
addition of coagulated impurities and coagulants. The jar test proce-
dure consisted of 1 min of high intensity agitation (shear rate
~200s7!, calculated from torque measurement), followed by
15 min of low intensity agitation (shear rate ~50s~!, calculated
from torque measurement) and 60 min of settling. After the sedi-
mentation of suspension, the samples were analyzed for residual
Al or Fe, dissolved organic carbon (DOC), turbidity (Tu), pH and alka-
linity. Al and Fe concentrations were measured by colorimetric
method using an UV-VIS 8453A spectrophotometer (Agilent Tech-
nologies, USA). The measurements of aluminum were carried out
at a wavelength of 580 nm and pyrocatechol violet was used as
the colorimetric agent [21]. Iron was measured with thiocyanate
at a wavelength of 480 nm [21]. The residual turbidity was deter-
mined nephelometrically by a TURB 555 IR turbidimeter (WTW,
Germany). Molecular weights of residual peptides/proteins were
also monitored as described in Section 2.3.2.

Moreover, the scanning electron microscopy (SEM) was used to
provide additional information for the better description of the
underlying coagulation mechanisms. Samples of aggregates settled
after jar tests were gradually dried at 25 °C for 30 min and then
scanned uncoated by Vega 3 equipped with secondary electron
detector (Tescan, Czech Republic).

3. Results and discussion
3.1. COM peptide/protein characterization

Cellular organic matter (COM) of cyanobacterium M. aeruginosa
was found to comprise about 63% of peptide/protein material

determined as DOCp, which is in agreement with the findings of
other studies [11,22]. The COM peptides/proteins consequently
used in coagulation experiments were further characterized in
terms of molecular weight (MW) distribution. Peptides/proteins
of apparent MWs of approximately 1, 2.8, 4, 4.5, 5, 5.7, 6, 6.8, 8,
8.5, 12, 30, 40, 52, 106, 266, 470 and 1077 kDa were detected as
components of M. aeruginosa COM.

3.2. Charge characteristics of coagulated constituents

It was reported that charge neutralization plays a significant
part in the coagulation of organic matter [11,15,17,23]. Therefore,
the knowledge of charge characteristics of coagulated constituents
can provide a better insight into the removal mechanisms.

3.2.1. COM peptides/proteins

Peptide/protein isoelectric points (pI) were ascertained to be
approximately 4.8, 5.1, 5.3, 5.5, 5.6, 5.8, 6.1, 6.3, 6.5, 6.6, 7.0, 7.4,
7.8, 7.9 and 8.1 (Fig. 1a). The number of peptide/protein pls identi-
fied by IEF corresponded to the number of peptides separated by
HPSEC. It is widely recognized that peptides/proteins provide a
wide range of charged sites on their surfaces due to their various
functional groups, some of which are able to release or accept a
proton depending on the pH of the solution (—OH, —COOH, —SH,
—NHj, =NHj, etc.) [19]. The total number of functional groups
which can dissociate within a COM peptide/protein mixture was
quantified by potentiometric titrations [18,24]. The titration curve
(Fig. 1a) shows the number of protons, which the peptide/protein
mixture is able to accept under a given pH (during titration from
pH 12 to the given pH) and which is equal to the amount of disso-
ciated functional groups (in millimoles of H* ions per 1 g of DOC).
The curve shows the total isoelectric point (ply) of the peptide/pro-
tein mixture, which lies in the pH region where isoelectric points of
single peptides/proteins were identified. Moreover, the curve pro-
vides several equivalence points (pEqq, pEq, and pEqs) and dissoci-
ation constants (pK;, pK> and pKs), which can be attributed to
different COM peptide/protein titratable functional groups also de-
picted in Fig. 1a. However, it should be taken into consideration
that the titration was performed with a mixture of compounds
containing a number of various functional groups, whose dissocia-
tion constants depend not only on the type of group, but also on
the overall net charge of the molecule [24]. It is likely that
pKs =9.94 could be assigned to several functional groups having
their dissociation constants in alkaline pH, such as —SH, —OH,
=NH; and —NHj (on both side chains, i.e. &-NH3, and terminal
parts of molecules, i.e. a-NH;). On the other hand, dissociation
constant pK; = 4.13 can be attributed exclusively to —COOH groups
on COM peptide/protein side chains (-COOH of aspartic acid with
pK, =3.86 and y-COOH of glutamic acid with pK, = 4.25). Finally,
pK; = 2.26 coincides with the dissociation constants of —COOH
groups of the terminal amino acids in COM peptide/protein mole-
cules («-COOH) [19]. The amount of a specific functional group in
the COM peptide/protein mixture can be determined from the
number of H* ions added between the two equivalence points that
define the beginning and the end of dissociation of this group [19].
Numbers of H" ions added to reach equivalence points and points
of dissociation constants are depicted in Fig. 1a above the x-axis.
According to Eq. (2), it can be assumed that the number of titrat-
able groups in the COM peptide/protein mixture is:

Ng-andj-coon = 78 — 36 = 42 mmol g~'
for f-COOH and y-COOH

N,.coon = 100 — 78 = 22 mmol g!
for «-COOH
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for groups with dissociation constants in alkaline pH.

Humic substances were reported to contain up to 10 mmol of
COOH groups per 1 g of DOC [25]. Newcombe [18] reported higher
values of acidic groups, i.e. 31 mmol per 1g of DOC. However,
these authors performed the titration experiments in a narrower
pH range, Hong and Elimelech [25] from pH 3.6 to 7 and
Newcombe [18] from pH 3 to the first equivalence point. As a con-
sequence, they probably did not determine all titratable groups.
Alginate, a polysaccharide produced by some algae and bacteria,
was estimated to contain about 11 mmol of COOH groups per 1 g
of DOC [26]. It is, therefore, evident that COM peptides/proteins
bear a considerable amount of titratable functional groups
(100 mmol per 1 g of DOC) on their surfaces comparable to other
natural organic substances present in surface water.

3.2.2. Kaolin

As well as in the case of peptides/proteins, the charge character-
istics of kaolin were evaluated to enable the description of coagu-
lation mechanisms. The point of zero charge (pzc) is observed at
the intersection of the three curves in Fig. 1b, at pH ~ 2.9. This is
consistent with the values reported in the literature, Coles and
Yong [20] found the pzc at pH ~ 2.6. The kaolin pzc value obtained
in the current study indicate that, approximately at pH > 2.9, the
negative charge of kaolin particles prevails, i.e. kaolin particles
are negatively charged over the entire pH range examined in the
coagulation tests (pH 3-10). In this pH range, the total kaolin
charge is at least two orders of magnitude lower ranging between
0 and 0.2 mmol per 1 g of kaolin when compared with COM pep-
tides/proteins.

3.2.3. AlfFe coagulants

Aluminum or ferric salts used as coagulants undergo a series of
hydrolysis reactions upon addition into water. Al or Fe species pro-
duced from these reactions bear a charge depending on pH, simi-
larly to COM peptides/proteins and kaolin. The distributions of Al
and Fe species as a function of pH and concentration are described
in the literature [27]. In brief, for the coagulant concentrations
used in our experiments (Al/Fe in concentrations of 10~* M), at
low pH values AI** (pH <4.7) and Fe** (pH <2.6) ions occur to
about 99% as Al/Fe-hexaaquacomplex ([Al(H,0)s]** or [Fe(H,.
0)s]*") in an aqueous medium. As the pH rises, hydrolysis proceeds
and the release of protons from hexaaquacomplex leads to the for-
mation of positively charged polynuclear Al/Fe-hydroxopolymers
(e.g. Al;(OH)3F, Alj3(OH)3;, Fes(OH)}", Fes(OH)S") and conse-

quently of Al/Fe-oxide-hydroxides (AIO(OH) and FeO(OH)). At
alkaline pH values, Al (pH > 8.5) and Fe (pH > 8) largely occur as
anionic hydroxocomplexes [Al(OH)4]~ and [Fe(OH)4]™ [27].

In summary, the charge characterization results show that all
coagulated constituents bear a charge changing depending on
pH. It is therefore assumed that coagulation by charge neutraliza-
tion and electrostatically induced adsorption may be effective
when performed under appropriate pH conditions. For that reason,
coagulation tests were carried at various pH values and changes in
the removal of each type of components were observed as a func-
tion of pH.

3.3. Coagulation tests with kaolin

To optimize the dose of the aluminum and ferric coagulant, jar
tests with raw water samples containing 25 mg L~ of kaolin parti-
cles (Tu =~ 100 NTU) were performed without pH control. The high-
est Tu and Al/Fe removals were achieved at the coagulant doses of
0.075mmolL~! Al (2mgL~' Al) and of 0.072mmolL~! Fe
(4mg L' Fe). Subsequently, these optimized doses were used in
all coagulation tests which were aimed at describing the influence
of the pH value on kaolin and COM peptides/proteins coagulation.

The results of coagulation tests with kaolin demonstrated that
the lowest residual turbidity was reached in the pH range from 7
to 8.5 for the aluminum coagulant (Fig. 2a) and from 6.4 to 8 for
the ferric one (Fig. 2b). A slight difference in optimum pH values
for coagulation by Al and Fe stems from their different hydrolysis
product distributions [22,27]. Very similar observations were
noted by Ching et al. [13] and Kim and Kang [14] who found the
optimum pH value for the coagulation of kaolin suspension by fer-
ric coagulants between 6 and 8. The optimum pH values for kaolin
removal are close to or slightly below the effective points of zero
charge of both Al (pzc of AIO(OH)=7.7-8.1) and Fe (pzc of
FeO(OH) = 6.7-7.6) hydrolysis products [22,27]. The coagulation
is induced by the formation of Al/Fe-oxide-hydroxide precipitates
and by their adsorption onto the negatively charged surface of kao-
lin particles, which results in gradual neutralization of kaolin
charge and efficient coagulation. Adsorption of kaolin onto Al/Fe-
oxide-hydroxide precipitates is explained by electrostatic interac-
tions, exchanging reactions and hydrogen bonding [22]. It should
be noted that at sufficiently low coagulant dosages, coagulation
of kaolin takes place at lower pH values (4.5-7 for Al and 3.5-6.4
for Fe) due to the adsorption of positively charged Al/Fe hydrolysis
species onto kaolin particles [28]. However, the above mentioned
optimization tests with kaolin showed that coagulation efficiency
at low pH values decreases.
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Fig. 2. Coagulation tests with kaolin and either Al (a) or Fe (b) - dependence of residual Al/Fe and turbidity on a pH value.

3.4. Coagulation tests with kaolin, peptides/proteins and Al/Fe
coagulant

Mechanisms of COM peptides/proteins removal depending on
the coagulant dose and reaction pH have already been described
in our previous studies [11,15]. Nevertheless, in the present study,
the situation becomes more complicated due to the presence of
hydrophobic kaolin particles in a coagulating system. The coagula-
tion tests with raw water containing kaolin and COM peptides/pro-
teins of different initial concentrations (1, 3, 5 and 8 mg L~! DOC)
were performed with an optimized dose of either aluminum sulfate
(dose of Al =2 mg L' = 0.075 mmol L) or ferric sulfate (dose of Fe
4mgL~'=0.072 mmol L!) under various pH conditions. Both
coagulants showed the same trends and similar results. For a thor-
ough description of removal mechanisms, we have chosen the tests
with ferric sulfate, whose results are shown in Fig. 3a-c. It was ob-
served that the optimum pH for the coagulation of COM peptides/
proteins and kaolin mixture by ferric coagulant is approximately
at pH of 4-6 for all initial DOC concentrations. Interestingly, this
optimum tends to shift to higher pH values with decreasing initial
DOC concentrations from pH 4-5 for DOC =8 mg L™! to pH 5-6 for
DOC=1mgL™'. This shift is given by the ratio of charges in the
coagulating system and was also observed in our previous study
[11] for the coagulation of COM peptides/proteins by a ferric
coagulant.

The capability of COM peptides/proteins to be coagulated stems
from the character and content of their functional groups, especially
of those which may bear a charge under certain pH conditions. As
demonstrated by isoelectric point measurements and potentiomet-
ric titrations (Fig. 1a), at pH values of the highest coagulation effi-
ciency (pH=4-6), COM peptides/proteins carry both positively
charged sites on their surfaces due to —NH3 and =NH; groups and
negatively charged sites due to —COO~ groups which remain in dis-
sociated form even at relatively low pH values. Therefore, COM pep-
tides/proteins are able to electrostatically interact not only with
positively charged coagulant hydroxopolymers, but also with nega-
tively charged kaolin particles. The Al/Fe-kaolin coagulation tests
(Fig. 2) showed that for the used concentrations of kaolin and Al/
Fe coagulants, kaolin does not interact with Al/Fe-hydroxopolymers
at pH values below neutral, but only with Al/Fe-oxide-hydroxides
that are formed at higher pH values (7-8.5 for Al and 6.4-8 for Fe).
This implies that in the case of Fe-peptide/protein-kaolin tests, kao-
lin removal at pH 4-6 results from the interaction between kaolin
and COM peptides/proteins. Positively charged —NH; and =NHj
peptide/protein groups interact electrostatically with the negative
surface of kaolin. Without any additional agent, this process would
lead to the charge stabilization of kaolin particles by peptides/pro-

teins [1,29]. Consequences of this phenomenon are further ex-
plained in Section 3.5. When the Al/Fe coagulant is added, formed
Al/Fe-hydroxopolymers interact with negatively charged —COO~
groups of COM peptides/proteins and give rise to the formation of
uncharged aggregates including not only coagulant and COM pep-
tides/proteins, but also kaolin particles bound to them (Fig. 4).
Hence, amphoteric COM peptides/proteins induce the coagulation
of kaolin at low pH values, at which kaolin is not coagulated in the
absence of them. Moreover, kaolin is also removed by the Fe coagu-
lant at pH 6.4-8 resulting in low residual Tu and Fe concentrations
(Fig. 3b and c). This indicates that Fe-oxide-hydroxides adsorb onto
the negatively charged kaolin particles, as in the case of Al/Fe-kaolin
tests (Fig. 2). However, peptides/proteins obviously did not partici-
pate in coagulation process and their residual content remained
high.

It has been reported that the mechanism of adsorption may also
play its role in peptides/proteins removal [11]. At pH 6-8, peptides/
proteins can be adsorbed onto the surface of Fe-oxide-hydroxides
by means of electrostatic patch model [30], especially when the
DOC/coagulant ratio is low (<0.3) [11]. Nevertheless, when kaolin
is involved in the coagulation (as in the case of the present study)
it adsorbs onto Fe-oxide-hydroxides while peptides/proteins do
not. Negative kaolin particles adsorbed on the surface of Fe-
oxide-hydroxides obviously prevent largely negatively charged
peptides/proteins from binding to coagulant precipitates.

As seen in Fig. 3b, ¢, at a pH of around 6, there is a peak of resid-
ual turbidity and iron. The peak is likely to be caused by two dis-
tinct features. First, it can be attributed to the formation of
soluble Fe-peptide/protein complexes, resulting in a significant
reduction in Fe available for coagulation by its complexation with
COM peptides/proteins. Their complexation properties have been
described in our previous study [11] that found the peak of residual
Fe and DOC at a pH of about 6 when coagulating COM peptides/
proteins by ferric sulfate (without kaolin). Our previous study also
quantified the peptide/protein maximum binding capacity for Fe to
be 1.38 mmol of Fe per 1 g of DOC at a pH of about 6, i.e. 0.077 mg
of Fe per 1 mg of DOC [11]. According to those findings, the dis-
solved Fe-peptide/protein complexes make up to 30% of residual
Fe peak obtained in the Fe-kaolin-peptide/protein coagulation
tests performed in the present study. Second, the peak may also
represent the transition between two different processes, i.e. the
coagulation of peptides/proteins and kaolin together at pH 4-6
and the coagulation of kaolin itself at pH 6.4-8. More than 70%
of the rise in residual Fe is probably attributable to this feature.

The coagulation tests performed with the second coagulant -
aluminum sulfate (dose of Al=2mgL™!=0.075 mmol L") - are
summarized in Fig. 3d, where the initial DOC concentration of
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Fig. 4. SEM micrographs of aggregates formed through the interaction between Al/Fe, COM peptides/proteins and kaolin particles - complete (a) and detail (b) picture.

5mgL~! was chosen as representative. The obtained results are
very much similar to those with ferric sulfate. However, there is
a slight difference in pH ranges in which particular coagulation
pathways occur compared to coagulation tests with ferric sulfate.
Similar to Al/Fe-kaolin tests (Fig. 2), this is due to the different
hydrolysis product distribution of Al and Fe [27]. Both COM pep-
tides/proteins and kaolin particles are removed at pH values below

neutral (pH 5-6.5) as a result of the electrostatic interactions be-
tween COM peptides/proteins, kaolin and Al-hydroxopolymers.
Kaolin is again removed at the optimum pH for coagulation of kao-
lin (7-8.5 for Al) by its adsorption onto Al-oxide-hydroxides, but
peptides/proteins are not involved in the adsorption. Since it has
been demonstrated that aluminum is also able to form soluble
complexes with COM peptides/proteins [8-10], the increase in
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Fig. 7. Molecular weight distributions of COM peptides and proteins in raw water
and residual peptides and proteins after coagulation test with: (1) Al, COM peptide/
protein (initial DOC=5mgL™") and kaolin (the tests with Fe as a coagulant
provided almost the same results; thus, only one of the coagulants is shown) and (2)
COM peptides/proteins (initial DOC =5 mg L~') and kaolin without a coagulant.

residual Al and turbidity at a pH of around 6.8 (Fig. 3d) may be
again attributable to the formation of these complexes. Further-
more, the increase is likely to result from the transition between
the coagulation of peptides/proteins and kaolin together at pH 5-
6.5 and the coagulation of kaolin itself at pH 7-8.5, as well as in
the case of Fe-peptide/protein-kaolin tests described above.
While some studies [1,4,8,9,16] highlighted the inhibitory effect
of AOM on coagulation, our results show that COM peptides/pro-
teins inhibit coagulation of hydrophobic particles only in a narrow
pH range, in which COM peptides/proteins form dissolved com-
plexes with coagulants [11]. Furthermore, the present results indi-
cate that COM peptides/proteins serve as cationic coagulation aids
and enhance the coagulation of other impurities present in raw
water at pH values below neutral. Similarly, Bernhardt et al. [1] ob-
served the positive effect of low concentrations of extracellular or-
ganic matter (EOM) obtained from green alga Dictyosphaerium sp.
on the coagulation of quartz particles. The substances contained
in EOM are mostly of polysaccharide character [10]. They were re-
ported to behave as anionic polyelectrolytes due to the presence of
—COO" groups in their molecules and to attach themselves to the
quartz surface through the formation of hydrogen bonds or ligand
exchange and covalent bonding [1]. Furthermore, Ma et al. [3] also
reported that COM of M. aeruginosa behaved as anionic and
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non-ionic polyelectrolytes and its low level mainly benefited the
coagulation M. aeruginosa cells. However, these studies have not
fully explained the mechanisms by which AOM positively influ-
ence the removal of other impurities. In order to provide a better
understanding of the contributive effect of COM peptides/proteins
on coagulation of hydrophobic kaolin particles, the tests without
any additional coagulants (Al/Fe sulfate) were carried out.

3.5. Coagulation tests with kaolin and peptides/proteins without
coagulants

It is well-documented that natural polyelectrolytes could serve
not only as coagulant aids but also as the only coagulants in the
treatment of turbid waters [12]. A similar effect has also been ob-
served for COM peptides/proteins. The results of peptide/protein-
kaolin coagulation tests showed that they coagulate with kaolin
even in the absence of the Al/Fe coagulant. The highest removal
efficiencies of both impurities, i.e. COM peptides/proteins and kao-
lin particles, was accomplished approximately at pH < 4.5 (Fig. 5a
and b) as a result of electrostatic interactions between them. As
in the case of the Al/Fe-peptide/protein-kaolin tests, positively
charged —NH; and =NHJ peptide/protein groups interact with
the negative charge on the kaolin surface. This can lead to two dif-
ferent features depending on the character of peptide/protein sur-
face charge, thus on the pH. First, if peptides/proteins bound to
kaolin bear enough negatively charged —COO™~ groups, charge sta-
bilization of kaolin particles by peptides/proteins occurs [1,29].
Second, if the amount of negative charge on peptides/proteins is
reduced, i.e. —COO~ groups accept protons, the repulsion between
peptide/protein molecules does occur to a lower extent and is
overcome by attractive forces [1]. In this case, peptides/proteins
bound to kaolin can further interact with other kaolin particles
and enable formation of aggregates by interparticle bridges
(Fig. 6). As seen from the titration curve of peptides/proteins
(Fig. 1a), approximately at pH<4.5, all the peptide/protein j-
and y-COOH groups are not dissociated yet and hence the non-dis-
sociated ones do not contribute to the repulsion forces. The repul-
sion forces are thus overcome by attractive ones and aggregation
takes place. On the contrary, at pH > 4.5, dissociation of - and y-
COOH groups proceeds, leading to the excess of negative charge
and repulsion between particles in the system. It makes the aggre-
gation impossible and as a consequence, the levels of residual tur-
bidity and residual DOC sharply rise (Fig. 5). However, the efficient
removal of peptides/proteins and kaolin without any additional
agent suffers from some drawbacks. In practice, the low reaction
pH value may be quite problematic. For instance, when cyanobac-
terial cells are present in raw water low pH value leads to cell lysis
and subsequent increase in DOC concentration in treated water
[31], which may change parameters of the removal process [3].
Zhang et al. [31] reported that at pH 5 almost all cells of M. aeru-
ginosa were dead or destroyed. Besides the low reaction pH
(<4.5), the peptide/protein-kaolin coagulation provides lower re-
moval rates for DOC (about 45%) compared to tests with Al/Fe.

3.6. Residual COM peptides/proteins

The changes in peptide/protein composition after coagulation
tests were determined by HPSEC analysis. Chromatograms in
Fig. 7 compare MW profiles of COM peptides/proteins in raw water
with the ones after the coagulant-peptide/protein-kaolin tests at
pH 5 (maximum removal efficiency for DOC, Al/Fe and Tu) and
after peptide/protein-kaolin tests at pH 4 (maximum removal effi-
ciency for DOC and Tu) for initial DOC concentration of 5 mg L. It
demonstrates that under optimum reaction conditions (pH 4-5.5
for Fe and 5-6.5 for Al), high-MW proteins of MW > 10 kDa are
completely removed, whereas low-MW peptides of MW of approx-

imately 1, 2.8, 4, 5, 6, 6.8, 8, 8.5 and 10 kDa remain in the solution.
This observation is consistent with the findings of other studies
[3,11,15], in which high-MW COM compounds were removed with
higher efficiency than low-MW ones. Furthermore, in the case of
peptide/protein-kaolin tests, residual peptides/proteins of MW of
1-52 kDa were identified in the solution after coagulation at pH
4 (Fig. 7). These results indicate that high-MW proteins interact
with kaolin particles more readily than low-MW peptides and en-
ables partial coagulation of kaolin particles without the Al/Fe coag-
ulant (Fig. 5).

4. Conclusion

The occurrence of cyanobacterial peptides/proteins in turbid
waters substantially changes the optimum conditions for their
treatment. The removal process is highly pH dependent since the
charge of removed impurities as well as of traditional coagulants
used (Al and Fe salts) changes with pH value. Though kaolin parti-
cles, which represent the clay colloids in turbid waters, are
removed at pH about neutral (7-8.5 for Al and 6.4-8 for Fe) due
to adsorption mechanism, the optimum pH for coagulation of pep-
tide/protein-kaolin mixture is significantly lower (4-6 for Fe, 5-6.5
for Al). At this pH, electrostatic interactions between amphoteric
peptides/proteins, kaolin and coagulant hydroxopolymers lead to
the formation of aggregates. Peptides/proteins interact electrostat-
ically with kaolin even in the absence of a coagulant, but they coag-
ulate only at quite low pH values (pH < 4.5). The present findings
suggest that during the decay of algal bloom comprising M. aeru-
ginosa, a decrease in the coagulation pH is a prerequisite for the
efficient removal of both clay colloids and COM peptides/proteins
produced by these cyanobacteria.
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ABSTRACT

This study investigated characteristics of algal organic matter (AOM) derived from three
species (cyanobacterium Microcystis aeruginosa, diatom Fragilaria crotonensis and green alga
Chlamydomonas geitleri) which dominate phytoplanktonic populations in reservoirs sup-
plying drinking water treatment plants. Algal growth was monitored by cell counting,
optical density and dissolved organic carbon concentration measurements. Extracellular
organic matter (EOM) released at exponential and stationary growth phases and cellular
organic matter (COM) were characterised in terms of specific UV absorbance (SUVA),
peptide/protein and non-peptide content, hydrophobicity and molecular weight (MW). It
was found that both EOM and COM were predominantly hydrophilic with low SUVA. COM
was richer in peptides/proteins, more hydrophilic (with about 89% of hydrophilic fraction
for all three species) and had lower SUVA than EOM. MW fractionation showed that both
EOM and COM of all three species contain large portions of low-MW (<1 kDa) compounds
and high-MW (>100 kDa) polysaccharides. Peptides/proteins exhibited narrower MW dis-
tribution than non-peptide fraction and it widened as the cultures grew. The highest
amount of peptides/proteins with a significant portion of high-MW ones (22%) was
observed in COM of M. aeruginosa. The results imply that the knowledge of AOM compo-
sition and characteristics predetermine which processes would be effective in the treat-
ment of AOM laden water.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Algal organic matter (AOM) may comprise an essential part of
natural organic matter in surface waters as a consequence of

eutrophication of aquatic environments followed by a
phytoplankton population increase. The AOM, including
extracellular organic matter (EOM) and cellular organic matter
(COM), is composed of a wide spectrum of chemical com-
pounds such as saccharides and polysaccharides, nitrogen-
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containing compounds (amino acids, peptides, proteins,
nucleic acids), organic acids (e.g. glycolic acid), lipids and fatty
acids (Henderson et al., 2008) and also cyanobacterial toxins
(Harada, 2004). Dominant AOM constituents are peptide/pro-
tein and polysaccharide compounds (Pivokonsky et al., 2006),
imparting to AOM a highly hydrophilic character. The AOM
composition strongly depends on the species, its growth
phase, the age of the culture, and on the culture conditions
(Pivokonsky et al., 2006; Henderson et al., 2008).

When algal populations increase in reservoirs supplying
drinking water treatment facilities, water treatment technol-
ogy has to deal not only with increased cell concentration but
also with EOM derived from algal metabolic activity and
excreted from the cells into the surrounding environment and
with COM released by cell lysis during the population growth
and decline (Nguyen et al., 2005; Pivokonsky et al., 2006). It
should be noted that during the decay of algal bloom, COM
release causes a considerable rise in dissolved organic matter
(DOC) concentration of which COM comprises a great majority
(Pivokonsky et al., 2006; Leloup et al.,, 2013). COM can be
released to the water even during the water treatment pro-
cess, for instance when pre-oxidation methods are used (Ma
et al., 2012). Both EOM and COM may adversely affect drink-
ing water production by disinfection by-product formation
(Nguyen et al., 2005; Fanget al., 2010; Li et al., 2012), membrane
fouling (Amy, 2008; Qu et al, 2012; Zhang et al.,, 2013),
decreased adsorption efficiency for micropollutants onto
activated carbon (AC) (Hnatukova et al., 2011) or reduction in
coagulation efficiency (Ma et al., 2012; Pivokonsky et al., 2012).
One of the most important factors influencing the efficiency of
AOM removal processes is the character of compounds
comprising AOM. For example, membrane fouling is depen-
dent on the charge of organic molecules, on their hydropho-
bicity as well as on their molecular weight (MW) (Amy, 2008;
Qu et al.,, 2012; Zhang et al., 2013). Adsorption of organic
molecules onto AC is also affected by their MW, surface
charge and the presence and type of functional groups (Velten
et al., 2011). In general, low-MW organics are easily adsorbed
onto granular AC, while the removal of high-MW protein- and
polysaccharide-like biopolymers is poor because their large
size may prevent access to the internal pore structure of
granular AC (Hnatukova et al., 2011; Velten et al., 2011). On the
other hand, coagulation was shown to be highly effective in
removing large organic molecules, whereas low-MW ones
remain in the solution and require further treatment
(Safarikova et al., 2013).

The knowledge of AOM composition and characteristics
(MW distribution, charge, hydrophobicity, protein content) is
essential for understanding its fates and treatability in water
supplies and subsequent optimization of the removal process.
Although the AOM gains importance in connection with
eutrophication of aquatic environments, there are only a
handful of studies investigating AOM characteristics (Nguyen
et al., 2005; Pivokonsky et al., 2006; Henderson et al., 2008;
Fang et al.,, 2010; Li et al., 2012; Leloup et al., 2013). There-
fore, the aim of this study is to characterise the AOM origi-
nating from three algal species of different natures:
cyanobacterium Microcystis aeruginosa, diatom Fragilaria cro-
tonensis and green alga Chlamydomonas geitleri. These species
represent the dominant phytoplanktonic organisms in the

Svihov water reservoir which provides source water for one of
the biggest water treatment plants in Europe (Zelivka Water-
works, Czech Republic) producing about 3700 L s~! (with
maximum possible production of 6900 L s~*) and supplying 1.5
million people. F. crotonensis dominates the spring phyto-
plankton, C. geitleri prevails at the turn of spring and summer
and M. aeruginosa forms cyanobacterial bloom in late summer.
The study evaluates and compares the properties of EOM at
both exponential and stationary growth phases and COM
separately. Furthermore, it deals with the characteristics of
peptide/protein and non-peptide fractions of EOM and COM
because peptide/protein compounds were found to possess
some specific properties, such as good removability by coag-
ulation caused by their high content of charged functional
groups (Safarikova et al., 2013) and ability to form dissolved
complexes with coagulant metals (Al and Fe) (Takaara et al,,
2007; Pivokonsky et al.,, 2012). The influence of EOM and
COM composition and also of COM release into raw water on
water treatment processes was discussed.

2. Material and methods
2.1.  Algal species

Three species: cyanobacterium M. aeruginosa (strain Zap. 2006/
2), diatom F. crotonensis (strain SAG 28.96), and green alga C.
geitleri (strain Ettl. 1982/3) were used in this study. M. aerugi-
nosa is a bloom-forming species which can produce harmful
hepatotoxins such as microcystins (Harada, 2004) and is
characterized by small prokaryotic spherical cells (2.5-5.5 um
in diameter) usually organized into irregularly shaped col-
onies. F. crotonensis is an important component of the spring
bloom, typically declining when the water reservoir stratifies.
Its growth is wholly dependent on the presence of soluble
silicon oxides in water. Cells are substantially bigger (about
40—170 pm long and 2—5 pm wide) than those of other two
species used in this study, are enclosed within siliceous
lanceolate frustules and can be joined in large ribbon-like
colonies. C. geitleri is a unicellular green alga which swims
with two flagella. Its cells are about 10 pm in diameter and has
a multilayer cell wall made of hydroxyproline-rich glycopro-
teins (Lee, 2008). Axenic inoculums of the three strains were
supplied by the Culture Collection of Algal Laboratory, Insti-
tute of Botany, Academy of Sciences of the Czech Republic,
Prague (M. aeruginosa and C. geitleri) and by the Experimental
Phycology and Culture Collection of Algae at the University of
Goettingen, Germany (F. crotonensis).

2.2. Culture conditions

All microorganisms were cultivated in aquarium tanks at 40 L
volumes. The cultures of M. aeruginosa and C. geitleri were
grown at 20 °C and 16 h-light/8 h-dark cycle in WC medium
(Guillard and Lorenzen, 1972) and mixed by shaking apparatus
at 20 rpm. F. crotonensis was grown in diatom culture medium
(Beakes et al., 1988) at 15 °C and a 12 h-light/12 h-dark cycle,
with continuous mixing by shaking apparatus at 10 rpm.
Inorganic carbon (CO,) was continuously added into the
growth media using self-regulating CO, dosing apparatus with
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pH control (Linde Gas, Czech Republic). The cultures were
illuminated using eight Sun Glo (Hagen, Germany) 40 W
aquatic fluorescent lamps (white balance 4200 K) supplying
about 2400 lux (cd sr m~?). All materials and media were
sterilised by autoclaving before assembly and operation. Cul-
tivations of all microorganisms were performed four times
from samples grown on separate occasions.

2.3. Growth monitoring

Microorganisms’ growths were monitored daily until the
beginning of the decline phase by cell counting (CC) and
measuring optical density (OD) at 560, 675 and 720 nm. Cell
counts were performed by a Z2 Coulter Counter particle count
and a size analyser (Beckman Coulter, USA). Optical densities
of cell suspensions at 675 nm for M. aeruginosa, 560 nm for F.
crotonensis and 720 nm for C. geitleri were determined by a UV/
VIS 8453A spectrophotometer (Agilent Technologies, USA)
with 1 cm-long quartz cells. The used wavelengths corre-
sponded to absorption maximums for individual microor-
ganisms’ cultures in a spectrum ranging from 190 to 860 nm.

2.4. AOM characterization

Microorganisms’ exudates excreted into the cultivation media
(i.e. EOM) were evaluated every day of cultivation as total
dissolved organic carbon (DOCrt) concentrations. DOC was
determined in samples filtered through a 0.22 ym membrane
filter (Millipore, USA) by a Shimadzu TOC-V¢py analyser (Shi-
madzu, Japan). EOM for MW fractionations (described in Sec-
tion 2.4.7.) was extracted from algal cultures during both the
exponential and the stationary growth phases corresponding
to 8th and 16th day of F. crotonensis and C. geitleri cultivation
periods, and 10th and 18th day for cultivation of M. aeruginosa,
respectively. Cultures of all microorganisms were harvested
on the 20th day of cultivation during the stationary growth
phase to assess COM samples, which include intracellular
organic matter (IOM) and surface-retained organic matter
(SOM) (Takaara et al., 2007).

2.4.1. SUVA analyses

UV absorbance at 254 nm (UV,ss) was measured using a UV-
VIS 8453A spectrophotometer (Agilent Technologies, USA)
with 1 cm-long quartz cells. Specific UV absorbance (SUVA)
was then calculated as a ratio of UV,s4 to DOC (Edzwald, 1993).

2.4.2. Preparation of EOM samples

EOM was extracted by filtering the cell suspension through a
0.22 ym membrane filter (MF, Millipore). Tri- and divalent cations
(Fe*", Ca®", Mg®" etc.) in the filtrate were replaced with mono-
valent cations by passing the filtrate through the Na™ cation-
exchange resin Dowex 50-WX-8 (Sigma—Aldrich, USA). The el-
uents were then concentrated tenfold with a rotary evaporator
(Laborota 4000 HB/G1) at 20 °C and was stored at —18 °C.

2.4.3. Preparation of COM samples

The microorganisms’ cells were separated from the culture
media by filtering through a 0.22 pm membrane filter (Milli-
pore, USA). The separated cells were stirred with ultra-pure
water (200 mL) and disrupted in ice bath using an ultrasonic

homogeniser (UP400S, Hielscher Ultrasonics, Germany) at 60%
amplitude of ultrasonication (240 W) in pulse mode for 5 min.
The residual solids were removed by a 0.22 pym membrane
filter, and filtrates were concentrated tenfold in a rotary
evaporator (Laborota 4000 HB/G1, Germany) at 20 °C. The
concentrated COM was stored at —18 °C.

2.4.4.
content
The content of peptide/protein and non-peptide fractions was
determined as described in our previous study (Safarikova
et al., 2013). After their separation, the peptide/protein (dis-
solved in 200 mL of ultra-pure water) and non-peptide frac-
tions were purified using cation (Dowex 50-WX-8,
Sigma—Aldrich, USA) and anion (Dowex 1-X-2, Sigma-
—Aldrich, USA) exchange resins.

Determination of peptide/protein and non-peptide

2.4.5. Determination of hydrophilic and hydrophobic fractions
The fractionation technique described by Malcolm and
MacCarthy (1992) was used for the division of the AOM into
hydrophilic (HPI), hydrophobic (HPO) and transphilic (TPI)
fractions. AOM samples of 250 mL with pH adjusted to 2 (with
2 M HCI) were passed consecutively through the two 15 mm
columns connected in series and filled with 50 mL of DAX-8
and XAD-4 resin, respectively. The HPO fraction was adsor-
bed on DAX-8 resin, the TPI fraction on XAD-4 resin and non-
retained compounds represented HPI fraction. Adsorbed HPO
and TPI fractions were eluted from the resins with 150 mL of
0.1 M NaOH. Flow rates of filtration and elution were the same,
fixed at 1 mL min~'. Concentrations of each fraction were
determined by DOC measurements.

2.4.6. Molecular weight fractionation

Peptide/protein and non-peptide AOM fractions were char-
acterised in terms of MW distribution. Centrifugation
(4000 rpm, T = 40 min) in ice bath was used to drive the AOM
fraction through Amicon Ultra-15 centrifugal filters of 100, 50,
30, 10, 3 NMWL and 1 kDa PLAC ultrafiltration membrane
(Millipore, USA) resulting in AOM division into fractions of
>100, 50—100, 30—50, 10—30, 3—10, 1-3 and <1 kDa. The MW
distribution was expressed as a DOC portion of each MW
fraction. Each MW fractionation was conducted for EOM
samples at the exponential and the stationary growth phase
and for COM samples.

MW distribution of peptide/protein AOM was also deter-
mined by a high performance size exclusion chromatography
(HPSEC) using Agilent Bio SEC-5 100 A, 300 A and 500 A columns
(7.8 x 300 mm, 5 um) connected in series (separation range
100—5,000,000 Da). The HPLC system (Agilent Technologies,
USA) was coupled with a diode array detector (DAD) operating at
280 nm and calibrated using peptide and protein SEC standards
(Sigma—Aldrich, USA) of MW range from 220 Da to 1500 kDa.

3. Results and discussion
3.1. Algal growth

Growth curves of M. aeruginosa, F. crotonensis and C. geitleri are
depicted in Fig. 1la—c where cell counts (CC), optical densities
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(OD) and DOCt concentrations are plotted as a function of
cultivation time. The growth of all three species over a 20-day
period, expressed by CC and OD, exhibited three growth phases:
lag, exponential and stationary phase. Lag phases lasted for
about 3—4 days for all microorganisms. M. aeruginosa exhibited
the longest exponential phase of 12 days, while the durations of
exponential phases for F. crotonensis and C. geitleri were 8 and 10
days, respectively. Based on cell counts, the exponential-phase
specific growth rates (calculated according to a formula used by
Huang et al. (2007)) were 0.31 day~* for M. aeruginosa, 0.43 day *
for F. crotonensis and 0.38 day * for C. geitleri. In the stationary
phase, populations reached their maximums of about
18.7 x 10° cells mL~* for M. aeruginosa, 11.8 x 10* cells mL~* for F.
crotonensis and 11.4 x 10° cells mL~* for C. geitleri.

Unlike CC and OD the concentrations of organics in the
cultivation media (DOCr, titled as EOM in the following sec-
tions) grew almost linearly in the course of the exponential
and the stationary phases. During the exponential phase
DOCr was mainly comprised of EOM excreted from living
cells. In the stationary phase, the population growth stag-
nated but DOCr concentration kept rising due to the
continuing production of EOM and higher cell mortality rate
compared with the exponential phase leading to the release of
COM into the cultivation media (Pivokonsky et al., 2006;
Henderson et al, 2008). The relative amount of DOCr
released during the cultivation period depended on the spe-
cies (Pivokonsky et al., 2006; Henderson et al., 2008). Specif-
ically, DOCr productions of cyanobacterium M. aeruginosa and

green alga C. geitleri were quite similar (0.0029 and
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0.0011 ng cell* at the beginning of stationary phase, respec-
tively) while diatom F. crotonensis with considerably bigger
cells and also less numerous population (two orders of
magnitude lower) produced substantially more DOCr per cell
(0.75 ng cell * at the beginning of stationary phase) than the
other two species. Comparable observations were done by
Henderson et al. (2008) who reported DOC released per cell at
the stationary phase to be 0.00095 ng cell™* for cyanobacte-
rium M. aeruginosa, 0.0029 ng cell™* for green alga Chlorella
vulgaris ng cell %, 0.019 ng cell * for diatom Asterionella formosa
and 0.65 ng cell™* for diatom Melosira sp.

Good linear correlations between OD and CC were
observed for all cultivated microorganisms with correlation
constants of 0.991 for M. aeruginosa, 0.993 for F. crotonensis and
0.989 for C. geitleri (Fig. 1d). The study of Zhanget al. (2013) also
verified the linear correlation between ODggq and CC (R? > 0.99)
for M. aeruginosa. Moreover, a good linear correlation between
ODy3 and dry algal biomass was observed by Nguyen et al.
(2005) for diatom Chaetoceros muelleri, cyanobaterium Oscil-
latoria prolifera and green alga Scenedesmus quadricauda.

3.2. Peptide/protein and non-peptide content

The portions of peptide/protein (DOCp) and non-peptide
(DOCyp) organic matter from the total amount of organics
released into cultivation media (DOCr) are depicted in Fig. 2.
The data clearly demonstrate the increase in peptide/protein
portion throughout the cultivations of all microorganisms. At
the 20th day of cultivation, peptide/protein portion reached
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Fig. 1 — Growth curves of M. aeruginosa (a), F. crotonensis (b) and C. geitleri (c) with growth phases marked, and linear

correlations between optical densities and cell counts (d).
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47% for M. aeruginosa, 42% for F. crotonensis and 28% for C.
geitleri. The rise in peptide/protein content at the stationary
phase of M. aeruginosa growth compared to the exponential
phase was ascertained also by Pivokonsky et al. (2006),
Henderson et al. (2008) and Huang et al. (2012). This may be
caused by the release of COM into the cultivation media dur-
ing the stationary growth phase as noted earlier. Furthermore,
Fig. 2 shows that COM contained a higher peptide/protein
portion (63% for M. aeruginosa, 53% for F. crotonensis and 33%
for C. geitleri) than EOM did, which is consistent with the other
studies investigating EOM and IOM (intracellular organic
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Fig. 2 — Portions of peptide/protein (DOCp) and non-peptide
(DOCyp) organic matter from the total amount of organics
released into cultivation media (DOCy) as a function of
cultivation time, and from COM of M. aeruginosa (a), F.
crotonensis (b) and C. geitleri (c).
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Fig. 3 — Hydrophilic (HPI), transphilic (TPI) and hydrophobic

(HPO) fractions of EOM at exponential (EXP) and stationary
(STAT) growth phases and of COM.

matter) composition (Pivokonsky et al., 2006; Fang et al., 2010).
In addition, the study of Fang et al. (2010) reported that IOM of
M. aeruginosa consisted of more nitrogen-containing high-MW
substances, had a higher concentration of free amino acids, in
which arginine, lysine and glycine were the most abundant,
and had lower concentrations of aliphatic amines (diethyl-
amine and ethylamine) than EOM. In our study, the highest
peptide/protein portion was detected in COM of M. aeruginosa
since cyanobacteria tend to produce COM relatively rich in
peptides/proteins compared to eukaryotic microalgae
(Pivokonsky et al., 2006). This is given by the fact that cyano-
bacterial cells include cyanophycin granules, a protein-like
storage material consisting of high-MW copolymers of
aspartic acid and arginine, used as an intracellular nitrogen
reserve (Lee, 2008).

The release of COM containing a high portion of proteins is
likely to have a considerable influence on the efficiency of
water treatment process, specifically on coagulation. Studies
of Pivokonsky et al. (2012) and Safarikova et al. (2013) showed
that proteins of M. aeruginosa can, due to their amphoteric
properties and the high content of charged functional groups
(Safarikova et al., 2013), be easily removed by coagulation and
can even act as coagulation aids under appropriate reaction
conditions, especially pH value. It can be concluded that with
increasing age of culture and particularly with COM release
(occurring after pre-oxidation or during the cyanobacterial
bloom decay) the coagulant dose may rise as a consequence of
increased DOC concentration in raw water (Ma et al., 2012), but
a bigger portion of DOC would be coagulated, particularly in
case of cyanobacteria. On the other hand, some cyanobacterial
peptides and proteins, mainly low-MW ones, were found to
bind coagulant metals (Al and Fe) through their dissociated
carboxyl (—COO-) groups (Takaara et al., 2007; Pivokonsky
et al., 2006, 2012; Safarikova et al., 2013). This leads to the rise
in coagulant demand and also to a low removal efficiency of
metal-complexing organics which tend to remain in solution
after the coagulation (Pivokonsky et al., 2006; Takaara et al.,
2007). Nevertheless, the study of Pivokonsky et al. (2012)
showed that the inhibitory potential of complex-forming
peptides and proteins of M. aeruginosa could be significantly
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Table 1 — SUVA values of EOM released at exponential and stationary growth phases and for COM for different algal
species.

Nguyen et al., 2005 Henderson et al., 2008

Microorganism Growth phase Measured data
Microcystis aeruginosa Exponential 1.6 + 0.4
Stationary 0.7 £ 0.3
CcoOM 0.4 +0.2
Fragilaria crotonensis Exponential 1.8+ 04
Stationary 0.8 +0.3
CcOM 0.4 +0.1
Asterionella formosa Exponential =
Stationary -
Melosira sp. Exponential =
Oscillatoria prolifera Exponential —
Chaetoceros muelleri Exponential =
Chlamydomonas geitleri Exponential 1.2+03
Stationary 0.6+0.2
CcOM 03+0.1
Chlorella vulgaris Exponential =
Stationary =
Scenedesmus quadricauda Exponential —

= 1.7/
= 0.5

= 1.7
= 0.5
= 0.6

SUVA (m 'mg ' L).

lowered by the appropriate choice of coagulation conditions.
Moreover, it was found that COM forms larger quantities of
DBPs than EOM does, especially of nitrogen-containing ones
(Fang et al., 2010), which is consistent with higher peptide/
protein portion in COM compared to EOM.

3.3. Hydrophilic and hydrophobic fractions and the
SUVA values

Fig. 3 shows the hydrophilic (HPI) and hydrophobic (HPO)
properties of EOM at exponential and stationary growth
phases and of COM. In terms of DOC, HPI material dominated
both EOM and COM of all three microorganisms. HPI fractions
constituted about 70% of EOM at both the exponential and
the stationary phases, which is in accordance with the values
(57—80%) reported by other researchers (Henderson et al,
2008; Huang et al, 2012; Li et al, 2012; Qu et al., 2012;
Leloup et al., 2013). COM produced by all three microorgan-
isms was even more hydrophilic than EOM. HPI fractions of
COM accounted for 87% for M. aeruginosa, 90% for F. croto-
nensis and 89% for C. geitleri. These results compare well with
the findings of Li et al. (2012) that IOM and EOM of M. aeru-
ginosa contained 86% and 63% of the HPI compounds,
respectively. In our study, the transphilic (TPI) fractions
comprise only 3.4—9% of EOM with the lowest values for M.
aeruginosa and the highest ones for F. crotonensis and took just
a very small part in COM (<2%). HPO fraction content in EOM
varied according to species and growth phase from a mini-
mum of 17% for F. crotonensis at the exponential phase to a
maximum of 28% for M. aeruginosa at the stationary phase. In
the case of COM, HPO fractions were significantly lower than
in EOM, comprising 12% for M. aeruginosa, 10% for C. geitleri
and 8% for F. crotonensis. Likewise, Li et al. (2012) reported that
M. aeruginosa EOM contained 31% of HPO compounds
compared to 9% in IOM. This may be given by the high pep-
tide/protein content in COM (see Section 3.2.) contributing to
COM lower hydrophobicity. It should be noted that some
authors classify peptides/proteins as hydrophilic compounds
(Li et al., 2012) while the others classify them as hydrophobic

ones (Edzwald, 1993; Henderson et al., 2008). Nevertheless,
peptides and proteins are composed of both hydrophilic (e.g.
glutamine, asparagine, glutamic and aspartic acid, lysine,
arginine) and hydrophobic (e.g. alanine, tryptophan, leucine,
valine and phenylalanine) amino acids. In aqueous solutions
the latter are clustered together within the core of the pep-
tide/protein leading to peptide/protein folding while the hy-
drophilic amino acids are situated on the water-exposed
surface where they interact with surrounding water mole-
cules (Creighton, 1993). It was demonstrated that cyano-
bacterial peptides and proteins bear a considerable amount
of polar and also charged functional groups on their surfaces
(Safarikova et al., 2013), which enables them to behave as
hydrophilic compounds. The presence of peptide/protein-like
compounds in HPI fraction was ascertained by Qu et al.
(2012), who identified peptide/protein-like (using modified
Lowry method) and polysaccharide-like substances (using
phenol-sulphuric method) in both HPI and HPO fractions of
M. aeruginosa EOM. This observation could result from the
fact that each of these two groups (peptide/protein- and
polysaccharide-like) comprises a wide spectrum of organic
substances with different MWs and hydrophilic/hydrophobic
properties. Moreover, cyanobacteria and some algae produce
compounds of both peptide/protein and polysaccharide na-
ture such as peptidoglycans in cyanobacteria or
hydroxyproline-rich glycoproteins in cell walls of Chlamydo-
monas sp. (Lee, 2008). In addition, the way AOM compounds
divide into fractions depends on fractionation conditions,
such as pH value, as it influences the structure and surface
characteristics of organics, especially those of peptides/pro-
teins (Safarikova et al, 2013). In general, HPI fraction is
believed to contain carbohydrates, hydroxy acids, low-MW
carboxylic acids, amino acids, amino sugars, peptides, low-
MW alkyl alcohols, aldehydes and ketones, while HPO frac-
tion includes hydrocarbons, high-MW alkyl amines, high-
MW alkyl carboxylic (fatty) acids and aromatic acids, phe-
nols and humic substances (Edzwald, 1993).

The results of XAD-resin fractionation correlate well with
SUVA values which similarly corresponded to the hydrophilic
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Fig. 4 — Molecular weight (MW) fractionation of non-peptide (a) and peptide/protein (b) portions of EOM at exponential (EXP)
and stationary (STAT) growth phases, and of COM determined by centrifugation-driven filtration.

nature of the AOM. SUVA indexes of EOM at exponential and
stationary phases as well as of COM and their comparison
with values obtained by other studies (Nguyen et al., 2005;
Henderson et al., 2008) are reported in Table 1. SUVA de-
creases in the order exponential-phase EOM > stationary-
phase EOM > COM, which is in agreement with Fang et al.
(2010), who determined lower SUVA values for IOM than
EOM of M. aeruginosa and also with Henderson et al. (2008) and
Huang et al. (2012) reporting lower SUVA values for the
stationary-phase EOM than for the exponential-phase one. It
could, therefore, be concluded that SUVA tends to decrease
with increasing content of cellular/intracellular organics,
whose concentration rises throughout the cultivation period
due to increasing cell mortality rate (see Section 3.1.).

Low hydrophobicity of AOM may adversely affect its
treatment, especially when applying membrane filtration.
Hydrophilic algal organics cause significant flux decline and
membrane fouling. On the other hand, membrane fouling is
believed to be negligible for hydrophobic substances (Qu et al.,
2012; Zhang et al., 2013). This implies that both EOM and COM
will substantially reduce the performance of membrane
filtration while the adverse effect of COM will be more pro-
nounced since COM of all three studied species contains about
20% more hydrophilic compounds than their EOM does.

3.4.  Molecular weight fractionation

Peptide/protein and non-peptide portions of EOM at expo-
nential and stationary growth phases and of COM were frac-
tionated by centrifugation-driven filtration into fractions of
MW of 0-1, 1-3, 3—10, 10-30, 3050, 50—100 and >100 kDa.
Non-peptide compounds in all three microorganisms exhibi-
ted bimodal distributions (Fig. 4a). In terms of DOC, the largest
portion of non-peptide compounds was determined in
0—1 kDa fraction which decreased with the age of culture
reaching its minimum in COM (36% for M. aeruginosa, 47% for
F. crotonensis and 51% for C. geitleri). This fraction represents
low-MW intermediate products of metabolism such as

aldehydes, hydrocarbons, amines, glycolic acids and amino
acids as well as mono- and oligosaccharides (Nguyen et al.,
2005; Huang et al., 2007). Molecules with MW of 1-3 kDa and
character similar to those in 0—1 kDa fraction (i.e. aldehydes,
carboxylic acids, hydrocarbons, oligosaccharides etc.) also
formed a significant portion of both non-peptide EOM and
COM (11—-16%). The second largest non-peptide fraction was
the one with compounds larger than 100 kDa. It probably in-
cludes high-MW and storage polysaccharides, i.e. cyano-
bacterial starch in cyanobacteria, chrysolaminarin in diatoms
and starch in the form of amylose and amylopectin in green
algae, and also polysaccharide-like structures from the cell
walls like peptidoglycans in cyanobacteria and glycoproteins
in C. geitleri (Lee, 2008). Contrary to 0—1 kDa fraction, the
portion of >100 kDa fraction increased with the age of culture,
was highest for M. aeruginosa and reached its maximum in
COM of all three microorganisms (35% for M. aeruginosa, 22%
for F. crotonensis and 22% for C. geitleri) which is likely to be
related with the release of storage polysaccharides from cells.
These results are well consistent with Henderson et al. (2008)
and Qu et al. (2012) who demonstrated bimodal distributions
for a polysaccharide-like portion of EOM of M. aeruginosa
(Henderson et al., 2008; Qu et al., 2012) as well as of green alga
C. vulgaris and diatoms A. formosa and Melosira sp. (Henderson
et al., 2008). The latter study also showed that M. aeruginosa
had a higher portion of polysaccharide-like >100 kDa fraction
compared to green alga and both diatoms.

The production of peptide/protein compounds in all three
microorganisms showed a different pattern (Fig. 4b). At the
exponential growth phase, the highest portions of peptide/
protein DOC were determined in 3—10 kDa fraction for M.
aeruginosa (78%) and F. crotonensis (92%) and in 10—30 kDa
fraction for C. geitleri (100%) indicating that the metabolic
products of all three microorganisms contain some poly-
peptide molecules, for example, extracellular enzymes or
their components (Chrost et al., 1989). The exponential-phase
EOM of M. aeruginosa also comprised 1—3 kDa fraction (12%)
which can be attributed to oligopeptides like cyanobacterial
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toxins (Harada, 2004) or siderophores, extracellular ligands
that aid in solubilisation and assimilation of Fe*" (Lee, 2008).
At the stationary growth phase, F. crotonensis and C. geitleri
followed the same trends as at the exponential phase,
whereas M. aeruginosa exhibited a lower portion of 3—10 kDa
(42%) and an increase in higher-MW fractions, particularly in
>100 kDa. This fraction accounted for 25% as a result of the
release of intracellular storage proteins into the culture media
(as described in Section 3.1.) and thus formed a significant
portion also in M. aeruginosa COM (22%). A slight increase in
the higher-MW fractions of COM was ascertained for F. croto-
nensis and C. geitleri as well. No compounds were determined
in any of 0—1 kDa peptide/protein fraction, which implies that
the method of peptide/protein precipitation by (NH4)>SO4
(based on salting out effect) used in this study does not isolate
amino acids, which are thus contained in the low-MW non-
peptide fraction. On the other hand, researchers who used
modified Lowry method (based on the reactions of copper ions
with the peptide bonds and the oxidation of aromatic amino
acid residues) obtained some 0—1 kDa peptide/protein fraction
in algal EOM (Henderson et al., 2008; Qu et al., 2012).

Fig. 5 shows the MW distributions of peptide/protein por-
tions of EOM at exponential and stationary growth phases and
of COM determined by HPSEC. In general, the quantity and
diversity of peptides/proteins in all three microorganisms
increased as the cultures grew, i.e. in the order exponential-
phase EOM < stationary-phase EOM, and reached their max-
imums in COM. M. aeruginosa produced the highest amount of
COM peptides/proteins, especially of high-MW ones, which is
consistent with the results of protein portion determination
described in Section 3.1. Our findings are in agreement with
Pivokonsky et al. (2006), Fang et al. (2010) and Li et al. (2012)
who concluded that algal IOM consisted of more high-MW
peptide/protein substances than EOM. Furthermore, the
study of Pivokonsky et al. (2006) observed similar trends in
increasing amount and diversity of proteins during the growth
of cyanobacteria M. aeruginosa, Anabaena flos-aqua and green
alga Scenedesmus quadricauda.

To compare the two fractionation methods correlations
were developed between peptide/protein HPSEC peak heights
(Fig. 5) and peptide/protein portions in >100, 50—100, 30—50,
10—-30, 3—10, 1-3 and <1 kDa fractions expressed as DOC
(Fig. 4b). Very good correlations were observed with correla-
tion constants (r) of 0.989, 0.994 and 0.991 (exponential growth
phase, stationary growth phase and COM) for M. aeruginosa;
0.995, 0.993 and 0.989 for F. crotonensis; and 0.999, 0.998 and
0.997 for C. geitleri.

The rise in the portion of high-MW organics (mainly of
polysaccharide and protein-like character) throughout the
cultivations and particularly their high content in COM, which
is most pronounced for M. aeruginosa, will affect treatment
processes. High-MW algal compounds are easily removed by
coagulation as shown by Bernhardt et al., (1985) for EOM
polysaccharides of several algal species (green algae Dictyos-
phaerium sp., Scenedesmus sp., Chlorella sp., and cyanobacte-
rium Pseudanabaena sp.) and for alginic acid, a model
compound for EOM polysaccharides, and by Pivokonsky et al.
(2012) for COM proteins of cyanobacterium M. aeruginosa. On
the other hand, the removal of low-MW AOM compounds by
coagulation is negligible, as shown for low-MW peptides and
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Fig. 5 — Molecular weight (MW) distributions of peptide/
protein portions of EOM at exponential (EXP) and
stationary (STAT) growth phases, and of COM determined
by HPSEC for M. aeruginosa (a), F. crotonensis (b) and C.
geitleri (c).

proteins (<10 kDa) of M. aeruginosa (Pivokonsky et al., 2012;
Safarikova et al.,, 2013) and thus other processes, such as
membrane filtration or adsorption onto activated carbon, are
necessary for their treatment. It should be noted that the
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performance of those techniques is substantially worsened by
the occurrence of polymers. High-MW organics were found to
cause significant flux decline and membrane fouling by the
reversible formation of cake layer and also by irreversible pore
plugging (Amy, 2008; Qu et al., 2012; Zhang et al., 2013).
Moreover, high-MW compounds are difficult to remove by
adsorption onto activated carbon (AC) while low-MW AOM
fractions are preferentially adsorbed, probably due to the
better accessibility to micropores of the AC (Hnatukova et al.,
2011; Velten et al., 2011). For this reason, the coagulation is an
essential pre-treatment process, especially when COM con-
taining a larger portion of high-MW substances than EOM
does is present in raw water.

4, Conclusions

The AOM of all three microorganisms demonstrated several
similarities such as significant portion of peptide/protein ma-
terial, low SUVA and high content of hydrophilic compounds.
However, the AOM composition and characteristics changed
with both the species and the growth phase and important
differences between EOM and COM were found. Specifically, a
portion of peptides and proteins as well as their quantity and
diversity, a portion of hydrophilic fraction and of high-MW
compounds in EOM rose with the age of culture and were
noticeably bigger in COM than in EOM of all three microorgan-
isms. This phenomenon was most evident for cyanobacterium
M. aeruginosa, which is probably given by a different nature of
prokaryotic cells and cyanobacterial metabolism. The results
imply that the water treatment processes should be adapted not
only to the species composition and the age of algal populations
occurring in the source water, but also to the release of COM to
source water. During the algal bloom decay when COM forms a
majority of DOC in water, coagulation effective in removal of
high-MW, protein-rich organic matter should be employed to
improve the performance of down-stream processes. Low-MW
organics which are difficult to coagulate can be subsequently
removed by techniques, such as membrane filtration and/or
adsorption onto activated carbon, sensitive to the presence of
polymers. The results indicate that the monitoring of algal
growth as well as its decline is important for the successful
prediction of AOM composition and for the effective adjustment
of the water treatment process.
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1. Uvod

Vyznamnou soucasti vétSiny povrchovych vod jsou
prirodni organické latky (NOM — Natural Organic Matter).
Z chemického hlediska tyto latky predstavuji sloZitou smés
alifatickych 1 aromatickych uhlovodikovych struktur
s mnoha typy funk¢nich skupin, napf. amidovych, karbo-
xylovych, hydroxylovych, ketonickych a dalSich funkcnich
skupin. NOM jsou tvofeny pfevazné¢ huminovymi latkami
(huminové kyseliny a fulvokyseliny) a latkami nehumino-
vého charakteru (pfedevSim proteiny a polysacharidy)l.
V povrchovych vodach je zpravidla obsah huminovych
latek ve srovnadni s latkami nehuminového charakteru
vys$§i. Nehuminové latky se v naSich podminkach
ve zvySenych koncentracich  vyskytuji —pfevazné
ve vegetatnim obdobi pfi masovém rozvoji sinic a fas —
jedna se o tzv. AOM (Algal Organic Matter). V piipadé
vyuziti povrchovych zdroji vody pro pitné ucely mohou
mit pravé AOM znaény dopad na proces tpravy vody™”.
Jiz pii velmi nizkych koncentracich (fadové ng I™') jsou

98

zdrojem nepiijemného zapachu a negativné ovliviuji
1 chutové vlastnosti vody, jedna se o tzv. T&O (Taste and
Odor) slouceniny. Napiiklad 2-methylisoborneol a trans-
1,10-dimethyl-trans-9-decalol, dva z nejvyznamnéjSich
netoxickych metabolitl, jsou pfi¢inou zatuchlé zemité
pachuti a zapachu vody*. AOM tvofi také fadu vedlejsich
produktt desinfekce vody, a to zejména pii hygienickém
zabezpeceni vody chlorem a jeho slouCeninami, kdy do-
chazi k tvorbé halogenovanych organickych sloucenin,
pfedevsim trihalogenmethani — THM (napf. chloroform
a dibromchlormethan) a halogenderivati kyseliny octové —
HAA (napf. kyselina dichloroctovd a trichloroctova).
Do soucasné doby bylo detegovano ptes 700 takovych
sloucenin vyskytujicich se v pitné vodé zpravidla
v koncentracich v fadech pg 17, z nichZ nékteré jsou toxic-
ké nebo karcinogenni’. Vzniku téchto sekundarnich konta-
minantt Ize G¢inné predchazet maximalné moznym odstra-
nénim organickych latek pii Upravé vody. Zatizeni upravo-
vané¢ vody zvySenym obsahem AOM je nezadouci také
z divodu vyskytu obtizng odstranitelnych cyanotoxind®.
Dale bylo prokazano, ze AOM maji inhibi¢ni vliv
na koagulaci ostatnich ve vodé pritomnych znecistujicich
piim&si (napf. zéakalotvorné hlinitokfemigitany)’. Tato
skutecnost vede k porucham koagulace doprovazenym
zvySenymi koncentracemi zdkalotvornych a organickych
latek, ale i hliniku a Zeleza ve filtratu”®. Navzdory skute¢-
nosti, Ze v obdobi rozvoje fytoplanktonu ve vodarenskych
nadrzich mohou tyto latky vyznamné komplikovat techno-
logii upravy vody, principy koagulace AOM ani vliv AOM
na procesy probihajici pti upravé vody nebyly dosud uspo-
kojivé objasnény. Cilem tohoto referdtu je popis dosud
znamych mechanismu interakci peptidové/proteinové sloz-
ky AOM s produkty hydrolyzy hlinitych a Zelezitych koa-
gulacnich c¢inidel.

2. Pivod a charakterizace AOM

AOM jsou produkovany dvéma zakladnimi mechanis-
my. Metabolickymi pochody sinic a fas se AOM
do povrchovych vod dostavaji jako tzv. extracelularni or-
ganické latky (EOM — Extracellular Organic Matter), pfi
odumirani a rozkladu vlastnich bunék fytoplanktonu jsou
pak uvolilovény tzv. intraceluldrni organické latky (IOM —
Intracellular Organic Matter)™'®a organické latky vazané
na povrchu bunék (SOM - Surface-bonded/Surface-
retained Organic Matter)''. Spolené lze oznadit IOM
a SOM jako tzv. celularni organické latky (COM — Cellu-
lar Organic Matter)’. AOM jsou do vody uvoliiovany rov-
néz v disledku mechanického nebo chemického poskozeni
bungk sinic a fas pii upravé vody'’.

Chemické slozeni AOM je velmi rliznorodé, zavisi
predevdim na druhu a ristové fazi organismu®'?, fyziolo-
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gickych podminkéach'?, fotosyntetické aktivité vlastnich
bun€k mikroorganismii a pfipadné¢ na podminkéch jejich
kultivace". Vyznamny vliv maji predeviim hodnota pH,
iontova sila, teplotal, intenzita a doba slune¢niho zafeni,
obsah Zzivin a organickych latek a koncentrace O, a CO,
ve vodé & kultivaénim médiu'?. Mnozstvi a diverzita
AOM nariistd bshem ristové kiivky fytoplanktonu'"'™.
V prubéhu exponencidlni faze rdstu je odumirani bunck
relativné nizké a AOM jsou uvolfiovany predevSim meta-
bolickou ¢innosti organismii ve formé EOM.
Ve stacionarni fazi rdstu jiz dochazi k thynu organismui
a narast koncentraci organickych latek je ¢astecné zpliso-
ben i autolytickymi procesy'*. Se stafim kultury se tak
postupné zvysuje podil COM na celkové koncentraci
AOM™™,

Dominantni  slozkou AOM jsou peptidy/proteiny
a sacharidy'2. Jak jiz bylo uvedeno, slozeni AOM se znag-
né¢ lisi v zavislosti na rastové fazi fytoplanktonu.
V exponencialni a stacionarni ristové fazi prevladaji sa-
charidy nad peptidy a proteiny, béhem starnuti kultury
fytoplanktonu vSak dochazi k postupnému nartstu koncen-
trace peptidi a proteind”'*'>. Naptiklad u sinice Micro-
cystis aeruginosa byl prokazan narust jejich podilu z 10 %
na pocatku kultivace az na cca 40 % ve stacionarni fazi
ristu. Peptidy a proteiny pak skladbé AOM dominuji
ve fazi odumirani fytoplanktonu. U sinice M. aeruginosa
tvoii peptidovéd/proteinovd slozka aZz cca 66% podil
z celkovych AOM, u Anabaena flos-aquae 51% podil
a pouze 29% podil peptidii/proteind byl stanoven v ptipadé
zelené fasy Scenedesmus quadricauda™. Zelena tasa Chlo-
rella vulgaris pak obsahuje cca 40% podil peptidi
a proteini z celkového mnozstvi produkované organické
hmoty, Asterionella formosa 19% a Melosira sp. pak 16%
podil’. Spolu s druhem mikroorganismu a jeho réistovou
fazi se neméni pouze zastoupeni peptidové/proteinové
slozky AOM, ale roste také celkové mnozstvi a rozsifuje

se 1 diverzita peptidii/proteint' 1416

3. Koagulace AOM

Dosavadni vyzkum v oblasti koagulace AOM proka-
zal jejich relativné nizkou miru odstranitelnosti pfi kon-
venéni Upravé vody'™'®. Ucinnost koagulace AOM je
ovlivnéna predevsim druhem a ristovou fazi organismu,
typem a davkou koagulantu a pfedev§im reakénim pH
(cit.'*"®). AOM ovliviuji koagulagni procesy pomoci fady
mechanismti. V zavislosti na koncentraci, sloZeni
a vlastnostech, jako je napt. distribuce molekulovych
hmotnosti, velikost povrchového naboje ¢i hodnota izo-
elektrického bodu, vykazuji AOM pozitivni i negativni
ucinky na koagulacilo. Pii nizkych koncentracich mohou
AOM ucinnost koagulace zvySovat, naopak jejich vysoké
koncentrace koagulaci vyznamnym zplsobem naru-
5uji*'®". Vliv polysacharidovych prevazné nenabitych
AOM na koagulaci ¢astic muze byt pii jejich nizkych kon-
centracich (1-2 mg 1" DOC) podobny efektu neiontovych
polymernich flokulacnich ¢inidel, kdy adhezi na povrchu
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zneCistujicich castic umoziuji tvorbu tzv. mezicasticovych
polymernich mustka'®. Naopak pii vysokych koncentra-
cich ptedevs§im nabitych proteinovych slozek AOM mize
v zévislosti na hodnoté pH dochazet vlivem odpudivych
eleil:tlgc;%tatickych interakci k inhibici koagulacnich proce-
s>

Z vysledku studia vlastniho odstranéni AOM pfi upra-
vé vody je patrné, Ze s vys§i ucinnosti jsou koagulovany
proteinové nez neproteinové latky (napf. polysacharidy)
1018 " Odstranéni AOM peptidii a proteinii dosahuje cca
75% ucinnosti. Naproti tomu ucinnost odstranéni neprotei-
novych AOM dosahuje pouhych 22 % (cit.'®). Vyssi ugin-
nosti koagulace piedevsim u nabitych proteinovych slozek
AOM je dosahovano pifi pouziti zelezitych ¢inidel, a to
pravdépodobné diky skuteCnosti, ze hydroxid zelezity
vznikajici hydrolyzou Zzelezitych soli je mnohem mén¢
rozpustny a hydrolyzuje ve vyrazné §ir§im rozsahu pH nez
hydroxid hlinity*".

Z vysledkt vétsiny doposud provedenych experimen-
ta*!'%' 152 je patrné, Ze limitovana je predeviim schopnost
koagulace nizkomolekularnich organickych latek, které
larni frakce. Obtizné koagulovatelné jsou predevsim AOM
peptidy s molekulovymi hmotnostmi (MH) < 10 kDa
(cit.'®). Je zfejmé, Ze tyto nizkomolekularni peptidy je nut-
né odstranit jinymi mechanismy, napi. adsorpci
na aktivnim uhli®.

3.1. Vliv pH na odstranitelnost AOM peptidi/
proteinii — mechanismy interakci peptidové/
proteinové slozky s produkty hydrolyzy
koagulacniho ¢inidla

Jak jiz bylo feceno, odstranitelnost organickych latek
produkovanych fytoplanktonem je tizce zavisla na reakc-
nich podminkach, ptedev§im na hodnoté pH (cit.'*'®). Pep-
tidy a proteiny obsahuji fadu funk¢nich skupin (—OH,
—COOH, —-SH, -NH,, —-CONH, atd.) nesoucich v ur¢itém
rozsahu pH naboj, ktery je pficinou jejich reaktivity a vede
k elektrostatickym interakcim s hydroxopolymery
a hydratovanymi oxidy kovii koagulagnich ¢&inidel***.
Se zménami nabojovych charakteristik AOM peptidt/
proteinti, hydroxopolymerti a hydratovanych oxidi kovi se
v zavislosti na reakénim pH méni i mechanismy interakci
mezi témito latkami. Pfiklad pribéhu koagulace AOM
peptidi/proteinit pomoci siranu Zelezitého v zavislosti
na hodnot€ pH je uveden na obr. 1. Na grafu je zvyraznéno
pét reakénich oblasti, ve kterych dochazi k odlisné Gcin-
nosti koagulace. Vyznacenym oblastem odpovidaji jednot-
livé typy mechanism a interakci.

A — Oblast neucinné koagulace

V rozsahu pH oblasti A (pH < 4) nedochdzi
k odstranéni peptidi/proteinti ani Fe. V této oblasti pH
prevlada v systému vyrazny kladny naboj peptidd/proteind
dany mnoZstvim protonizovanych aminoskupin —NH;"
(pocet deprotonizovanych kyselych funkénich skupin je
naopak velmi maly) a zelezo se vyskytuje v rozpusténém
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7.0 7.0
DOC, mg.l’ Fe, mg.I"
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0.0 0,0
2 10

pH

DOC surové vody 5 mg.I"" —@— zbytkové DOC  —O— zbytkové Fe

A — nizka uéinnost koagulace

D — nespecificka adsorpce/stericka stabilizace

B — ndbojova neutralizace  C — tvorba komplexnich latek

E — nizka Gcinnost koagulace

Obr. 1. Pribéh a mechanismy koagulace peptidi/proteini v zavislosti na pH

stavu jako kladné nabité kationtové komplexy [Fe(H,O)s4]
¥ [FeOH(H,0)s]*",  ptipadné¢  [Fe(OH),(H,0)4]".
V disledku pievazujiciho kladného naboje dochazi
k elektrostatickym repulzim mezi peptidy/proteiny
na jedné strané a formami Fe na stran¢ druhé, v disledku
&ehoz koagulace prakticky neprobiha'®*, viz obr. 1.

B — Oblast ucinné koagulace mechanismem nabojove
neutralizace

Oblast B (pH 4-6) znazoriuje piipad, kdy koagulace pro-
biha naopak s maximalni G¢innosti. V této oblasti pH ne-
sou peptidy a proteiny jiz dostatecné mnozstvi zdporného
naboje daného disociaci kyselych karboxylovych skupin (-
COO"), diky ¢emuz mohou elektrostaticky interagovat

NABOJOVA
- NEUTRALIZACE F

AOM peptid/protein :> +(__
+

+ + o+

T Nl R N
¥ ¥

Fe-polyhydroxokomplex

s kladn¢ nabitymi Fe-hydroxopolymery nebo Fe-
hydratovanymi oxidy/hydroxidy — [Fe(OH);(H,0)s(aq)]’.
Tyto pritazlivé interakce vedou k postupné neutralizaci
povrchového ndboje peptidovych a proteinovych fetézci
a nasledné tak umoznuji vznik nenabitych agregat (obr. 2)
161922 Bylo prokazano, Ze oblast s nejvyssi uéinnosti koa-
gulace se Ccaste¢né posouva k vySsim hodnotdm pH
s klesajici pocatec¢ni koncentraci AOM peptidi/proteint,
a to z rozmezi hodnot pH 4-6 pfi pocatecni koncentraci
rozpus$téného organického uhliku (DOC — dissolved organ-
ic matter) 8 mg I"' na rozmezi pH 5,5-7,5 pii po&atedni
koncentraci DOC 1 mg 1" (cit.'®*). Zvy3eni dolni hranice
optimalniho rozsahu pH pro odstranovani Fe ze 4 (DOC
8 mg 1) na 5,5 (DOC 1 mg ') Ize vysvétlit nizkymi kon-

+

KOAGULACE

‘:>\+/_+\+7\

Obr. 2. Tvorba mikroagregati mechanismem nabojové neutralizace peptidii/proteini Fe-polyhydroxokomplexy
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centracemi peptidd a proteint, které neposkytuji na svych
vedlejsich fetézcich dostatecné mnozstvi zaporné nabitych
mist k reakci s kladn¢ nabitymi Zelezitymi hydroxopoly-
mery'®?. V této souvislosti je tieba zdtiraznit, Ze v piipadé
hlinitych koagula¢nich ¢inidel je vzhledem k rozdilné hyd-
rolyze Al v zavislosti na pH oblast t¢inné koagulace me-
chanismem nabojové neutralizace posunuta do rozsahu
pH 5-6,5 (cit.*).

C — Oblast narusent koagulace tvorbou komplexnich latek
Oblast C zvyraznuje nartst koncentraci DOC i Fe pii
pH okolo 6 (max. pfi 6,2). SniZeni ucinnosti koagulace je
v této oblasti zpusobeno tvorbou polynukledrnich smés-
nych ligandovych povrchovych komplexnich slouce-
nin'"'*1%2 K jejichz vzniku vede interakce mezi —COO™
skupinami na povrchu peptidi/proteini a rozpusténym ¢i
mikrokoloidnim Fe. Vznik povrchovych Fe-organickych
komplexi a zejména vyznamna komplexacni kapacita
AOM peptidi/proteint kolem pH 6 (obvykla hodnota re-
akéniho pH pii koagulaci vétSiny povrchovych vod
s obsahem NOM)*"*’ brani hydrolyze koagulaéniho ¢inidla
a tvorbé kladné nabitych hlinitych ¢i zelezitych polyhydro-
xokomplex® nutnych k destabilizaci znecist'ujicich pfimeé-
si. PocateCni stadia hydrolyzy iontd kovi (Al/Fe-
monohydroxokomplexy) jsou prostfednictvim téchto inter-
akci vazany v organické hmot€ ve formé stabilnich rozpus-
ténych ¢i mikrokoloidnich Al/Fe-peptidovych/
proteinovych komplexnich slouc¢enin a nemohou se dale
Gicastnit koagula¢niho procesu'*'***. Kromé toho hlinik
¢i zelezo vazané v molekulach protein blokuji negativné
nabitd mista na jejich povrchu, ¢imz zabranuji jejich koa-
gulaci mechanismem nabojové neutralizace. Tvorba kom-
plexnich sloucenin tak vede k poklesu ucinnosti koagulace,
neumérnému nartstu u¢inné davky koagulacniho ¢inidla
a zvySeni zbytkovych koncentraci organickych latek
a koagulantu (Al ¢&i Fe) v upravované vodg™'!'*!%%,
Nicméngé, je tieba zdlraznit, Ze pii dostate¢né vysoké dav-
ce koagulantu a pH > 7 lze Al-, resp. Fe-peptidové/
proteinové komplexy uU¢inn€ odstranit mechanismem
tzv. enmeshmentu, pii kterém dochdzi v disledku vysoké

+ -—
'% ADSORPCE

AOM peptid/protein

Castice FeO(OH)

S
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davky koagulantu k velmi rychlé tvorbé sraZeniny hydrato-
vanych oxidd kovu, ktera do své struktury strhava ostatni
ve vod& obsazené koloidni piimési*'. Takto vysoké davky
koagula¢niho ¢inidla vSak maji za nasledek vznik nadmér-
ného mnozstvi odpadniho kalu a vy$s$i ekonomickou na-
ro¢nost procesu'®. Mechanismy a hodnoceni tvorby kom-
plexnich latek jsou podrobnéji popsany v kap. 3.2.

D — Oblast nespecifické adsorpce a sterické stabilizace

Z obr. 1 je dale patrné, ze v oblasti D (pH 6,5-8) do-
chazi k pomémé prudkému nartstu zbytkovych koncentra-
¢i DOC i Fe (cit.'**). V této oblasti pH se jiz obvykle tak
vyrazn€ neuplatiiuji klasické elektrostatické interakce ve-
douci k postupné nabojové neutralizaci systému, naopak
zacina prevladat mechanismus nespecifické adsorpce.
Utinnost adsorpce pii koagulaci organickych latek je ob-
vykle ve srovnani s nabojovou neutralizaci elektrostaticky-
mi interakcemi vyrazné niz$i'®". Bylo zjiténo, Ze jeji
ucinnost je Uzce zavisla na poméru koncentraci peptido-
vych/proteinovych latek a Al ¢i Fe. Adsorpce jako koagu-
lacni mechanismus hraje dulezitou roli pfedev§im
v pripadech, kdy pomér koncentraci AOM peptidd/
proteini a Al/Fe je nizky'®'**%. Peptidy/proteiny mohou
byt adsorbovdny na povrchu koloidnich hydratovanych
oxidu hliniku/zeleza a mohou tak zvySovat G¢innost koa-
gulace tvorbou mezicasticovych mustka (obr. 3). Naopak
pfi  vysokém poméru koncentraci DOC peptidové/
proteinové frakce a Al ¢i Fe dochézi k obsazeni prakticky
celého povrchu Castic hydratovanych oxidi Al/Fe peptidy
a proteiny (obr. 4). Silna adsorpce tak mize vést k tzv.
sterické stabilizaci a nasledné inhibici koagulacnich proce-
st'®'"?2 Mechanismem sterické stabilizace dochazi
ke zvyseni zaporného naboje na povrchu ¢astic hydratova-
nych oxidd hliniku/Zeleza a néasledné k elektrostatické re-
pulzi takto stabilizovanych &stic'”**%. Jako hraniéni byl
stanoven pomér DOC peptidi/proteini a Fe = 0,33
(cit.'*?).

Mechanismus koagulace adsorpci je obvykle vysvét-
lovan pomoci tzv. elektrostatického patch modelu®. Podle
této teorie se mohou zdporné nabité peptidy a proteiny

KOAGULACE ‘

Obr. 3. Koagulace mechanismem elektrostatického patch modelu p¥i nizkém poméru koncentraci DOC peptidii/proteinii a Fe
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Obr. 4. Inhibice koagulace mechanismem sterické stabilizace pri vysokém poméru koncentraci DOC peptidii/proteinii a Fe

poutat ke koloidnim casticim hydratovanych oxidi kovi
(pH nulového bodu naboje FeO(OH) ~ 7.,5), coz vede
ke vzniku zéporné nabitych mist na povrchu koloidnich
Castic hydratovanych kovi (obr. 3). Pfi vzajemné srazce
takto nabitych ¢astic dochazi soucasné k upevnéni opacné
nabitych ploch na povrchu téchto ¢astic. DalSim moznym
vysvétlenim mechanismu nespecifické adsorpce je vznik
vodikovych vazeb mezi funkénimi skupinami peptidd/
proteind a povrchem hydratovanych oxidi kovi®*?.

E — Oblast neucinné koagulace

Pti pH > 8 (oblast E) jiz koagulace prakticky neprobi-
ha'®?2. Peptidy/proteiny nesou jiz znaéné mnoZstvi ionizo-
vanych funk¢énich skupin a Zelezité hydroxopolymery po-
stupné prechazi do aniontové podoby, napt. [Fe(OH),]
(cit.’"). Mezi témito Gasticemi se tak za&inaji uplatiovat
odpudivé  elektrostatické  interakce, které  vedou
k postupnému snizeni Gi¢innosti a nasledné Gplnému zasta-
veni koagulace'®*?. Aniontové formy hliniku v systému jiz
zcela prevazuji od hodnoty pH 8,5 (cit.*").

3.2. Mechanismy a hodnoceni tvorby komplexnich
latek

Afinita hliniku a Zeleza k peptidovym a proteinovym
AOM se obvykle vysvétluje pomoci modelu povrchovych
komplext®'. Tento model popisuje tvorbu Al/Fe-
peptidovych/proteinovych povrchovych komplexnich slou-
Cenin vznikem koordina¢ni vazby mezi disociovanymi
karboxylovymi skupinami na povrchu fetézcti biopolymert
a pozitivné nabitymi povrchovymi skupinami hlinitych/
zelezitych hydroxopolymert a hydratovanych oxidd ko-
vi'*'®. Tyto reakce lze znézornit napft. nasledujicim zptiso-

M(H,0)" +n RCOO™ <> M(H,0),,_,(RCO0), +nH,0 (1)
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bem, viz rovnice (7).

Mira tvorby Al/Fe-peptidovych/proteinovych kom-
plexi Uizce souvisi s hodnotou disocia¢ni konstanty karbo-
xylové skupiny véazané na povrchu AOM peptidi
a proteint, resp. s hodnotou pH systému. Hodnota pH
ovliviiuje nejen disociaci —COOH skupiny, ma ale také
zasadni vliv na formy vyskytu AI**/Fe’" ionti. Rozpusténé
nebo mikrokoloidni Al/Fe-peptidové/proteinové komplexy
mohou vznikat pouze v pripadé, kdy jsou karboxylové
skupiny peptidovych postrannich fetézci deprotonizované
(B-y-RCOOH pK, = 3,0-4,7)*%. Ostatni kyselé funké&ni
skupiny na povrchu peptidi/proteint, napf. —SH a —OH,
maji hodnoty pK, konstant ve znacn¢ alkalické oblasti (—SH
pK, = 8,3-8,6 a —OH pK, = 9,8-10,8)*, kdy Al/Fe-
hydroxokomplexy jsou jiz prevazné zaporné nabité ([Al
(OH),] /[Fe(OH)4])*". Z tohoto diivodu se ~SH a —~OH
skupiny prakticky nemohou (nebo jen malou mérou) ucast-
nit tvorby povrchovych Al/Fe-peptidovych/proteinovych
komplext. Z predchoziho je ziejmé, Ze vazebna kapacita
Al/Fe je pfimo zavisla na hodnoté pH. Maximalni kom-
plexotvorna kapacita Fe byla pozorovéana pti pH okolo 6,
za téchto reak¢nich podminek kapacita peptidl a proteinti
vazat kladné nabité zelezité hydroxopolymery koordinac-
nimi elektrostatickymi interakcemi dosahuje hodnoty
1,38 mmol Fe g! DOC. Pro Al byla nejvyssi vazebna ka-
pacita (BC — Binding Capacity = 2,88 mmol Al g”' DOC)
zjisténa pii pH 5 (cit.'**?). S poklesem & vzristem hodno-
ty pH bylo pozorovano, ze komplexotvorna kapacita kle-
s4'%2. V alkalické oblasti pH je navic tvorba Fe-
peptidovych/proteinovych komplexti ruSena pfitomnosti
OH™ ionti jakoZto kompetitivnich ligandd®'. Jiné prace
uvadi maximalni vazebnou kapacitu Al 1,6 mmol g pii
hodnoté pH 6 (cit.**) & maximalni vazebnou kapacitu Fe
1,2 mmol g ' pro fulvokyseliny**. AOM peptidy a proteiny
tedy vykazuji prakticky stejnou BC Zeleza jako fulvokyse-
liny, které byvaji obvykle oznaCovany za NOM s nejvetsi
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vazebnou kapacitou pro vicemocné kationty'®*,

Bylo zjisténo, Ze na tvorbé komplexnich sloucenin se
podileji ptedevS§im nizkomolekularni peptidy a jen nékteré
proteiny. V piipadé AOM produkovanych sinici
M. aeruginosa se jedna o peptidy s MH 1; 2.,8; 6; 8; 8,5
a 10 kDa (cit.'"*?) a proteiny o MH 43; 52 a 67 kDa
(cit.”"m‘n). Mezi nizkomolekularni komplexotvorné sini-
cové peptidy patii predevsim linearni a cyklické oligopep-
tidy, jako jsou cyanopeptolin (MH pftiblizné 950 Da), aeru-
ginopeptin (MH 1022 az 1072 Da), mikropeptin (MH 885
az 1110 Da), ale i mikrocystiny (MH 985 az 1024 Da)
a cyanochlorofyl (MH pfiblizné¢ 900 Da). Dale se také
jedna o latky umoznujici pfenos zeleza pies bunééné mem-
brany, tzv. sinicové siderofory s MH v rozmezi od 500
do 1500 Da, a vysokomolekuldrni proteiny s afinitou k Al
a Fe (pfedevSim sinicové metaloenzymy (hydrogenasy)
s MH okolo 35 az 60 kDa)'°.

4. Zavér a prakticky vyznam

Zasadni vyznam pro u¢innou koagulaci AOM pepti-
dd/proteini ma hodnota reakéniho pH. V upravarenské
praxi je koagulace béZné provadéna pifi pH okolo 7
(hodnoty se mohou ¢astecné lisit v zavislosti na pouzitém
koagula¢nim ¢inidle a charakteru surové vody). Neutralni
oblast pH (pH 6,5-7,5) je ale vhodna piedevsim pro tpra-
vu zakalenych vod®. Peptidové/proteinova slozka AOM
ma maximalni Gc¢innost odstranéni pti pH v rozsahu 4—6
(viz kap. 3.1.)'*%2. Podle dalsich praci jsou rozpuiténé
organické latky nejucinngji odstranitelné pti pH v rozmezi
5-6,5 (n€kdy dokonce i < 5)!82127 Pro odstrafiovani pri-
rodnich organickych latek je tedy obecné vyhodné, opét
v zévislosti na jejich charakteru a pouZzitém koagulacnim
¢inidle, snizit pH do oblasti okolo 5,5. Skutecnosti je, ze
v této oblasti pH se v praxi obvykle uprava pitné vody
neprovadi. Divodem jsou predev§im obavy o zvySeni
zbytkovych koncentraci koagulantu, predevsSim hliniku,
v upravené vodé¢, a to zejména pii odstraiovani humino-
vych latek mechanismem neutralizace jejich povrchového
naboje. V piipad¢ vyskytu produktd sinic a fas je vSak
vyrazné snizeni pH do oblasti pod 6 nezbytnym ptedpokla-
dem jejich i€inného odstranéni. Z tohoto diivodu je vyhod-
né k odstranovani peptidovych/proteinovych AOM pouzit
Zelezitd koagulacni Cinidla, kterd poskytuji dostatek kladné-
ho néaboje nutného k elektrostatickym interakcim s —COO™
skupinami i v oblasti pH 4-5 (cit.'®).

Dalsim moznym problémem upravy vody s obsahem pepti-
dovych/proteinovych AOM miize byt skutecnost, ze
na tyto latky obvykle neni optimalizovana davka koagulac-
niho ¢inidla. Ta je velmi Casto optimalizovdna na zikal
anebo na koncentraci organickych latek vyskytujicich se
ve vodé v prubehu celého roku (huminové latky). Sinicové
AOM jsou v nasich klimatickych podminkach obvykle
sezonni zalezitosti a jsou tudiz casto pifi optimalizacich
koagula¢nich procesti opomijeny, a to i ptesto, ze v dobé
rozvoje vodniho kvétu mohou tvofit dominantni podil or-
ganickych latek obsazenych v surové vod&®. V piipadé

Referat

vyskytu sinicovych AOM neni hlavnim problémem ani tak
nartst koncentrace organickych latek (ten ostatné ani
vzrist nemusi, protoze pravé v letnich mésicich byvaji
naopak koncentrace huminovych latek na relativné nizké
urovni), ale z4sadni je pfedev§im zmeéna jejich charakteru
(molekulova hmotnost, nabojové poméry atd.). Tato zména
pak obvykle vede k nérlstu zbytkovych koncentraci DOC,
Al/Fe, sniZzeni uéinnosti filtrace, narastu koncentraci ve-
dlejsich produkti desinfekce vody, tzv. DBPs (Disinfec-
tion By-Products) atd. Reeni této situace je mozné, viz
kap. 3.1., pouze zménou reakéniho pH do oblasti 4-6
(u Zelezitého) ¢i do oblasti pH 5-6,5 (u hlinitého c¢inidla),
kde se za¢ne uplatiiovat mechanismus nabojové neutraliza-
ce AOM peptidid/proteini Al/Fe-polyhydroxokomple-
xy'®#. V této oblasti pH navic dochézi v piitomnosti pep-
tidovych/proteinovych AOM k velmi uc¢innému odstrané-
ni zakalu a zbytkového hliniku/zeleza™, upravena voda tak
dosahuje vysoké kvality.

Zavérem je, bohuzel, nutné konstatovat, ze v praxi
jsou problémy s vyskytem sinicovych AOM velmi Casto
feSeny prostym zvysenim davky koagulacniho cinidla, coz
vSak samo o sobé je krok zcela nedostacujici a bez zasadni
zmény reak¢nich podminek vyplyvajici z charakteru sini-
covych AOM (ostatn¢ to plati pro vSechny organické lat-
ky) nema opodstatnéni.

Prace vznikla za podpory projektu Grantové agentury
CR P105/11/0247.
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and M. Pivokonsky® (“ Institute of Hydrodynamics, Acad-
emy of Sciences of the Czech Republic, Prague, "Institute
for Environmental Studies, Faculty of Science, Charles
University in Prague): Coagulation Mechanisms for
Removal of Peptides and Proteins Produced by Phyto-
plankton

Increased seasonal concentrations of algal organic
matter (AOM) in raw water can disrupt production of
drinking water. The aim of the present study is to elucidate
the mechanisms involved in coagulation of peptides and
proteins in AOM. The available data suggest that charge
neutralization and nonspecific adsorption are the dominant
mechanisms effective in the coagulation. The highest re-
moval of peptides and proteins is achieved in the pH
range 4—6, when positively charged hydrolysis products
of a Fe(Ill) coagulant neutralize the negative surface of
peptides/proteins. At a low dissolved organic carbon
(DOC) and Fe concentration ratio, nonspecific adsorption
of peptides/proteins on Fe(IIl) oxide-hydroxide particles,
as described by the electrostatic patch model, enables co-
agulation at pH 6-8. In contrast, at high concentration
ratios of DOC/Fe, steric stabilization reduces the effective-
ness of coagulation in the same pH range. At pH around 6,
the coagulation is disrupted due to the formation of Fe-
peptide/protein complexes. The study shows that the coag-
ulation effectiveness and removability of peptides/proteins
are strongly dependent on pH, which determines the
charge of peptides/proteins and hydrolysis products of the
coagulant and, therefore, the prevailing interactions be-
tween them.
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This study focuses on the effects of molecular interactions between two natural organic matter (NOM)
fractions, peptides/proteins derived from cyanobacterium Microcystis aeruginosa (MA proteins) and peat
humic substances (HS), on their removal by coagulation. Coagulation behaviour was studied by the jar
tests with MA protein/HS mixtures and with single compounds (MA proteins or HS). Aluminium sulphate
was used as a coagulant. Besides MA proteins, bovine serum albumin (BSA) was used as a model protein.
For the MA protein/HS mixture, the removal rates were higher (80% versus 65%) and the dose of coag-
ulant substantially lower (2.8 versus 5.5 mg L~ Al) than for coagulation of single HS, indicating the
positive effect of protein-HS interactions on the coagulation process. The optimum coagulation pH was
5.2—6.7 for MA proteins and 5.5—6 for HS by alum. The optimum pH for the removal of MA protein/HS
mixture ranged between pH 5.5—6.2, where the charge neutralization of negatively charged acidic
functional groups of organic molecules by positively charged coagulant hydroxopolymers lead to coag-
ulation. MA proteins interacted with HS, probably through hydrophobic, dipole—dipole and electrostatic
interactions, even in the absence the coagulant. These interactions are likely to occur within a wide pH
range, but they result in coagulation only at low pH values (pH < 4). At this pH, the negative charge of
both MA proteins and HS was suppressed due to the protonation of acidic functional groups and thus the
molecules could approach and combine forming aggregates. Virtually the same trends were observed in
the experiments with HS and BSA, indicating that BSA is a suitable model for MA proteins under
experimental conditions used in this study. The study showed that increases in organic content in source
water due to the release of algae products may not necessarily entail deterioration of the coagulation
process and a rise in coagulant demand.
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1. Introduction odour) or undesirable health effects associated with disinfection

by-products (DBPs) (Lui et al., 2011; Li et al., 2012), cyanobacterial

Natural organic matter (NOM) which occurs in water reservoirs
is mainly present in two forms: (i) allochthonous NOM of terrestrial
origin dominated by humic substances (HS, mostly humic and
fulvic acids) and (ii) autochthonous NOM, including mainly com-
pounds derived from algae and cyanobacteria, i.e. algal organic
matter (AOM). As well as HS, AOM has received increasing attention
as it can cause either aesthetic concerns (i.e., colour, taste and

* Corresponding author.
E-mail address: pivo@ih.cas.cz (M. Pivokonsky).

http://dx.doi.org/10.1016/j.watres.2015.07.047
0043-1354/© 2015 Elsevier Ltd. All rights reserved.

toxins (Harada, 2004) and other toxic compounds contained in
NOM (Ghernaut et al., 2011). Moreover, AOM may instigate serious
problems in drinking water treatment processes, especially during
the decline phase of an algal bloom, when high concentrations of
cellular organic matter, consisting mainly of saccharide-like and
protein-like substances, are released into the source water (Zhang
et al., 2010; Nicolau et al., 2015). Though the two forms of organic
matter, HS and AOM, can be present together in surface water
supplies (Knauer and Buffle, 2001), most studies have focused on
either HS or AOM removal (Bernhardt et al., 1985; Ghernaut et al.,
2010; Henderson et al., 2010; Matilainen et al., 2010; Pivokonsky
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et al,, 2012), while little attention has been paid to their simulta-
neous removal.

Jiang et al. (1993) investigated the coagulation of algal cells and
algae-derived organic matter by four different inorganic coagulants
(polyferric sulphate, ferric sulphate, aluminium sulphate, poly-
aluminium chloride) in the presence of HS. They found that the
addition of HS to the solutions of diatom Asterionella formosa lead to
a reduction of coagulation performance with increasing concen-
tration of HS. This was the case for both dissolved AOM and algal
cell removal. Higher doses of coagulants were required to achieve
overall charge neutralization with greater HS concentration.
Several studies have demonstrated that humic and fulvic acids
adsorb onto the surfaces of freshwater phytoplankton cells and that
the HS-cell interaction is strongly dependent on pH value
(Campbell et al., 1997; Knauer and Buffle, 2001; Vigneault et al.,
2000). Moreover, some investigations have indicated that HS can
interact with microbial products (polysaccharides and proteins)
during membrane filtration, thus influencing the rate of flux
decline, the reversibility of fouling and species rejection (Jermann
et al, 2007; Katsoufidou et al.,, 2010; Myat et al., 2014). Myat
et al. (2014) found that humic acid (HA) interacts with alginate
(used as a model compound for algal polysaccharides) via Ca?*-
mediated interactions. Moreover, HA was demonstrated to interact
with bovine serum albumin (BSA, as a representative protein) even
in the absence of Ca*. It can be, therefore, assumed that proteins
contained in AOM may, in a similar manner to the BSA model
protein, interact with HS and these interactions may influence the
water treatment process.

This paper investigates the molecular interactions between
AOM proteins and humic substances and the impact of these in-
teractions on the coagulation process. The study focuses on un-
derstanding the interaction mechanisms between AOM, HS and
coagulant. Furthermore, the comparison between coagulation
behaviour of AOM proteins and BSA protein is made in order to
assess the suitability of BSA as a model compound for AOM
proteins.

2. Material and methods
2.1. Material

Bovine serum albumin (BSA, Sigma Aldrich) was used as a model
protein in this study, because its structure and properties are well
characterised, it is easily accessible and has been already used as a
model protein for microbial proteins (Myat et al., 2014). It has a
molecular weight of 66 kDa and an isoelectric point of 4.7. When
characterised by high performance size exclusion chromatography
(HPSEC), two peaks are usually detected, dimeric and monomeric
with a stronger UV absorbance signal (Myat et al., 2014; see Fig. S4
in Supplemetary Data). On its side chains, BSA bears 99 acidic, 98
basic and 116 non-charged polar functional groups that are fairly
uniformly distributed over the whole molecule. This makes BSA
relatively hydrophilic and very soluble in aqueous media (Carter
and Ho, 1994), especially at pH values close to the isoelectric
point, where BSA molecule adopts the compact form.

HS were purchased as a water extract from mountain fibre peat
(Aqua exotic, Slovakia). They possess a variety of largely oxygen-
containing functional groups dominated by carboxylic and
phenolic groups. HS were characterized in terms of apparent mo-
lecular weight (MW) distribution, determined by HPSEC, and
acidity via the potentiometric titration method (see sections S1—S3
in Supplementary Data).

Cyanobacterium Microcystis aeruginosa was cultivated and its
cellular peptides and proteins were isolated as described in the
studies of Safarikova et al. (2013) and Pivokonsky et al. (2014). The

isoelectric points of these peptides and proteins are 4.8, 5.1, 5.3, 5.5,
5.6, 5.8, 6.1, 6.3, 6.5, 6.6, 7.0, 7.4, 7.8, 7.9 and 8.1 (Safarikova et al.,
2013). The peptide/protein MWs were determined by HPSEC (see
Fig. S3 in Supplementary Data).

2.2. Methods

2.2.1. MW fractionation

MW distributions by HPSEC analyses were performed with a
diode array detector (DAD). Wavelengths that are commonly used
for the detection of protein-like substances (280 nm) and humic-
like substances (254 nm) were applied (Aitken and Learmonth,
2002; Matilainen et al., 2011). Agilent Bio SEC-5100 A and 300 A
columns (7.8 x 300 mm, 5 um) connected in series (separation
range 100—1,250,000 Da) were used at the temperature of 23 °C
with a 0.15 M phosphate buffer (pH 7.0) as the mobile phase. The
columns were operated with a flow-rate of 1 mL/min and a 50 pL
injection volume. Peptide and protein SEC standards (Sigma-
—Aldrich, USA) of MW range from 244 Da to 900 kDa were used to
calibrate the system.

2.2.2. Jar testing

In order to describe the effect of BSA and peptides/proteins of
M. aeruginosa (MA proteins) on the coagulation of HS, jar tests with
single compounds (HS or BSA or MA proteins, initial dissolved
organic carbon (DOC) concentration of 5 mg L~') and BSA/HS or MA
proteins/HS mixtures (DOC = 5 + 5 mg L) were performed. These
concentrations represent the typical HS and peptide/protein con-
tent in natural surface water (Knauer and Buffle, 2001; Pivokonska
et al, 2008; Matilainen et al, 2011). Aluminium sulphate
(Aly(SO4)3-18H,0; Sigma—Aldrich, USA) was used as coagulant.
Firstly, coagulant doses were optimized for HS, BSA and MA pro-
teins and also for BSA/HS or MA proteins/HS mixtures with Al doses
ranging from 0.2 to 10 mg L~' Al (0.007—0.370 mmol L' Al).
Secondly, jar tests with the optimized coagulant doses were per-
formed in the pH range 3—8.5. The target pH was reached by adding
predetermined amounts of 0.1 M NaHCOs3, 0.1 M NaOH or 0.1 M HCl
prior to the addition of the coagulant. The experiments were car-
ried out using the variable speed eight position paddle stirrer (LMK
8-03, IH ASCR, Czech Republic) and 2 L jars. The samples were
rapidly mixed at shear rate of 200 s~! for 1 min, followed by a slow
stir phase at shear rate of 50 s~! for 15 min and 60 min settling
period. The supernatants were analysed for pH value, DOC, UV
absorbance at 254 nm (UV254) and residual Al. DOC, referring to the
concentration of dissolved residual organics, was measured using a
total organic carbon analyser (TOC-Vcpy) (Shimadzu, Japan). Re-
sidual DOC of HS was determined from UV absorbances at 254 nm,
measured using a UV-VIS 8452A spectrophotometer (Agilent
Technologies, USA) with 1 cm quartz cuvette. When compared to
HS, the absorbances at 254 nm were very low for BSA or MA pro-
teins and thus were considered to be negligible. Residual DOC value
of BSA or MA proteins was calculated as the difference between
total DOC and DOC of HS. Moreover, residual organics remaining
after jar tests under optimum pH conditions were analysed via
HPSEC. The samples were concentrated in a rotary evaporator
(Laborota 4002, Germany), operated at 23 °C and pressure 19 mbar,
prior to the HPSEC analyses to reach concentrations of 100 mg L™
DOC. The possible aggregation of the organic molecules during pre-
concentration was tested by measuring turbidity of samples and
DOC of samples filtered through a 0.22 pm membrane filter (Mil-
lipore, USA). It was found that pre-concentration to 100 mg L™!
DOC did not lead to aggregation.

To investigate the possible interactions between BSA/MA pro-
teins and HS, jar tests without coagulant addition were also carried
out in pH range 2.5—5.5. Three different protein/HS ratios (initial
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DOC of 3 4+ 5,5 + 5 and 5 + 8 mg L) were investigated. The
protein/HS samples were rapidly mixed at shear rate of 200 s~! for
1 min, followed by a slow mixing at shear rate of 50 s~! for 30 min
and 60 min of settling. The slow mixing period was lengthened in
comparison with tests with coagulant, because protein/HS aggre-
gates required longer periods to grow. The supernatants were
analysed for pH, dissolved organic carbon (DOC) and UVys4.

3. Results and discussion
3.1. Coagulation of single compounds

The optimum Al(SO4)3-18H,0 coagulant doses for the removal
of single BSA, MA proteins and HS of initial DOC = 5 mg L~ 'were set
to 1.25 mg L' (0.046 mmol L~ 1) AL, 2 mg L~! (0.074 mmol L) Al
and 5.5 mg L1 (0.204 mmol L) Al respectively. The optimum pH
ranges for these optimized coagulant doses are depicted in Fig. 1.

BSA exhibited a quite sharp and narrow pH optimum of 5.8—6.2
(Fig. 1a), typical for a single compound coagulation (Polasek and
Mutl, 2005). The percentage DOC removal was 85%. Similarly, Jiao
et al. (2015) found that the optimum pH for coagulation of BSA-
kaolin mixture (initial DOC = 2 mg L/, turbidity = 60 NTU) by
alum was at pH 6. Optimum coagulant dose for DOC removal
(removal rate about 75%), optimised at pH 7, was higher (i. e.
0.1 mmol L~! Al) than in the present study, probably due to the
presence of kaolin and dose optimisation performed under pH 7.

MA proteins were removed within a broader pH range of
5.2—6.7 with removal rate of 75% (Fig. 1b). As well as BSA protein
with isoelectric point of 4.7, MA proteins with isoelectric points of
4.8,5.1,53,55, 5.6, 5.8, 6.1, 6.3, 6.5, 6.6, 7.0, 74, 7.8, 7.9 and 8.1,
which were determined by Safarikova et al. (2013), bear negatively
charged functional groups (mainly —COO™) at these pH values,
through which they able to interact electrostatically with positively
charged medium and high-MW Al-hydroxopolymers. This is
consistent with the study of Pivokonsky et al. (2012), where MA
proteins were coagulated by ferric sulphate at acidic pH values (pH
4—6) due to electrostatic interactions between proteins and the
coagulant hydrolysis species. Moreover, Safarikova et al. (2013)
demonstrated that a mixture of MA proteins and kaolin particles
were removed by alum at pH values 5—6.5. The difference between
optimum pH values for coagulation by aluminium and ferric co-
agulants stems from the different hydrolysis species distribution of
Al and Fe. When compared with BSA, the wider pH optimum for MA
proteins is due to the fact that M. aeruginosa produces a wide range
of peptides and proteins with various MWs and isoelectric points
(Pivokonsky et al., 2012, 2014). At pH about 6.8—6.9, peaks of re-
sidual DOC and Al concentrations occurred (Fig. 1b). These result
from the formation of complexes between MA proteins and Al as
demonstrated in the studies of Pivokonsky et al. (2006) and
Safarikova et al. (2013).

Maximum HS removal was achieved between pH 5 and 6 with a
removal efficacy of 65%, whilst minimum aluminium residuals
occurred at pH 5.5—6 (Fig. 1c). At these optimum pH values, which
are typical of the HS coagulation by alum, positively charged Al-
hydroxopolymers interact with ionized carboxylic and phenolic
groups in HS (Matilainen et al., 2010). Both HS and Al were removed
to some extent at pH 6—7. As shown by Liu et al. (2009), adsorption
of HS onto Al precipitates, i.e. Al(OH)3(s), dominates HS removal
beyond pH 6, but does not achieve satisfactory DOC removals.
Moreover, the impact of adsorption on coagulation of HS is
dependent on the coagulant/DOC ratio (Cheng and Chi, 2002; Liu
et al., 2009).

As stated above, the optimum dose for HS removal was signifi-
cantly higher than for BSA and MA proteins. This may be due to the
fact that 5 mg L' of DOC formed by HS includes a greater amount
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Fig. 1. Coagulation tests with optimized dose of alum and BSA (a), MA proteins (b) and
HS (c) of initial DOC = 5 mg L.

of molecules than 5 mg L' of DOC formed by proteins which
contain large molecules. The greater the number of molecules to be
destabilised, the higher the coagulant dose required. Furthermore,
HS bear more negatively charged functional groups than proteins
and, therefore, a higher coagulant dose is required for charge
neutralization of HS. As shown by potentiometric titrations of HS
(Fig. ST in Supplementary data), 1 g of HS DOC contains about
7 mmol of acidic carboxylic groups. On the other hand, 1 g of BSA
contains only about 1.5 mmol of carboxylic groups (calculated from
the known number of —COOH groups in BSA molecule), which is
about 2.7 mmol —COOH per 1 g of BSA DOC. It can be assumed that
MA proteins also contain a lesser amount of —COOH groups than
HS.
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3.2. Coagulation of peptides/proteins in the presence of humic
substances

For coagulation tests with a mixture of MA proteins and HS
(initial DOC = 5 + 5 mg L™ 1), the optimum dose of coagulant was
set to 2.84 mg L~! (0.105 mmol L) Al Interestingly, this dose was
almost two times lower than the optimum dose obtained for
coagulation of HS of initial DOC concentration 5 mg L~! (see Section
3.1.). The effect of pH on MA proteins/HS coagulation is presented in
Fig. 2a. Maximum DOC removal occurred at pH levels ranging be-
tween 5 and 6.2 with removal rate of 80%, while the lowest
aluminium concentrations were detected at pH 5.5—6.3. UVjs54
measurements showed that MA proteins are more amenable to
removal than HS as proteins formed only about 25% of residual
DOC. A noticeable reduction in DOC concentration was observed
even at pH below 5, although aluminium concentrations sharply
rose, indicating that coagulant did not take a part in DOC reduction.
This observation, together with low optimum coagulant dose, point
to the existence of interactions between MA proteins and HS.

Almost identical trends were observed for the coagulation of
humic substances in the presence of model protein BSA (initial
DOC = 5 + 5 mg L™!), shown in Fig. 2b. For these tests, optimum
coagulant dose was 1.58 mg L' (0.059 mmol L~ 1) Al which is about
3.5 times lower than the optimum dose obtained for coagulation of
HS of initial DOC concentration 5 mg L™! and by only 26% higher
than in coagulation tests with single BSA (see Section 3.1. and
Table 1). The pH levels for optimum removal of DOC ranged be-
tween 5.0 and 6.2 with removal rate of 83%. Aluminium reached the
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Fig. 2. Coagulation tests with optimized dose of alum and MA proteins and HS (a) and
BSA and HS (b) mixtures of initial DOC = 5 + 5 mg L™,

lowest levels at pH 5.5—6.2. As well as in the tests with MA pro-
teins/HS mixture, BSA protein was more readily removed than HS
as about 28% of residual DOC was formed by BSA. Moreover,
reduction in DOC concentration was also observed at pH below 5,
indicating the impact of BSA-HS interactions. The comparison be-
tween coagulation of MA protein/HS and BSA/HS mixtures is shown
in Table 1. Xiao et al. (2013) also found that removal of NOM by
coagulation may enhance removal of perfluorooctane sulfonate
(PFOS — a persistent organic pollutant that has been found to be
ubiquitous in the environment) in a slightly acidic region due to a
strong association between PFOS and NOM.

Fig. 3 shows the HPSEC analyses which were performed after the
treatment under optimum pH values. In the case of MA proteins/HS
mixture (Fig. 3a), HPSEC indicated coagulation preferentially
removed higher-MW compounds whilst those remaining in the
treated waters had lower molecular weights. This finding is
consistent with the studies on the coagulation of MA proteins
(Pivokonsky et al., 2012) and a mixture of MA proteins and inor-
ganic kaolin particles (Safarikova et al., 2013). In Fig. 3b, the peak of
residual BSA is much smaller than the peak of HS. It is firstly
because BSA has lower UV absorbance compared with HS and
secondly because BSA is better removed than HS which is in
accordance with results presented in Fig. 2b.

To provide deeper insight into the influence of protein-HS in-
teractions on coagulation, tests with MA proteins/HS and BSA/HS
mixtures in the absence of coagulant were carried out. Proteins
were dosed at three different DOC concentrations (3, 5 and
8 mg L) while DOC concentration of HS was kept at 5 mg L™ . In
the case of MA proteins/HS mixture, noticeable DOC removals were
observed at pH values below 3.5—4.5 depending on the initial
protein:HS ratio (Fig. 4a). DOC reductions of 55%, 63% and 69% were
achieved for initial MA proteins/HS concentrations 3 + 5,5 + 5 and
8 + 5 mg L™, respectively. The differences in removal rates are
given by the fact that proteins were again more amenable to
coagulation than HS as also demonstrated by Fig. 5, which shows
residual DOC concentrations for MA proteins and HS separately.

Similar observations were made for BSA/HS mixture (Fig. 4b and
Fig. 6). A substantial decrease in DOC concentrations occurred at pH
levels below 4—4.5 with removal rates 68%, 75% and 77% for initial
BSA/HS concentrations 3 + 5,5 + 5 and 8 + 5 mg L™, respectively.
However, for higher BSA concentrations, residual DOC increased at
low pH values, i.e. below pH 3 for 5 + 5mg L~ and below pH 3.5 for
8 + 5 mg L~ This is probably a result of the conformational
changes in BSA molecule. In solution, different isomeric forms of
BSA exist depending on pH value. These correspond to different -
helix contents. The ‘N’ (normal) form, in which BSA has the most
compact state, is predominant in the pH range 4.3—8. Between pH
4.5 and 4.0 the N—F (Normal—Fast; ‘F’ — fast migrating) transition
occurs and partly open ‘F’ form is produced upon lowering the pH
to <4. At pH lower than 3.5, BSA undergoes another expansion with
a loss of the intra-domain a-helices and the ‘E’ (expanded) form
appears (Peters, 1985; Carter and Ho, 1994). With increasing con-
centration of BSA and decreasing pH value, expanded BSA mole-
cules, attached to HS, extend out into solution and prevent
molecules from approaching. Electrosteric stabilization (a combi-
nation of electrostatic and steric stabilization) of BSA-HS particles is
induced and coagulation inhibited. This is not the case of MA pro-
teins as they contain lower amount of large molecules than the
corresponding amount (DOC concentration) of BSA.

The observed tendency of proteins and HS to interact at low pH
values is supported by the findings of several studies on adsorption
of fulvic and humic acids on algal cell surfaces. Cell walls of
microalgae (e.g. Chlorella sp.) consist of a polysaccharide and
glycoprotein matrix, while cyanobacterial cell walls are composed
of a peptidoglycan layer, often complexed with specific
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Table 1

Optimum coagulation conditions and removal rates for BSA and MA proteins.
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BSA

With Aly(SO4)3

With Aly(SO4); and HS

With HS

pH for DOC removal
DOC removal rate
pH for Al removal
Al dose (mg L)
MA proteins

pH for DOC removal
DOC removal rate
pH for Al removal
Al dose (mg L)

5.8-6.2
85%
5.8—-6.2
1.25

5.0-6.7
75%
52-6.7
2

5.0-6.2 (2.5-3.5) — (4-4.5)
83% 68—77%"

5.5-6.2 -

16 -

5.0-6.2 <(3.5-4.5)"

80% 55—69%"

5.5-6.3 -

2.8 -

2 Depending on protein/HS ratio.

polysaccharides, and an outer membrane which includes proteins,
lipids and carotenoids (Lee, 2008). Knauer and Buffle (2001), who
investigated the adsorption of Suwannee River fulvic acid (SRFA) to
algal surfaces of three green algae (Scenedesmus subspicatus, Chla-
mydomonas reinhardtii and Chlorella sp.), observed no adsorption at
pH values 6 and 7, whereas at pH 4, up to 31 mg SRFA m~2 and at pH
5 up to 4 mg SRFA m~2 was adsorbed to the algal surfaces. Similarly,
Vigneault et al. (2000) found that the association of Suwannee
River humic and fulvic acids with the cell surface of the green alga
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Fig. 3. HPSEC analyses after coagulation of MA proteins and HS (sample
DOC = 100 mg L") (a) and BSA and HS (sample DOC = 100 mg L") (b) mixtures.

Selenastrum capricornutum was greater at pH 5 than at pH 7.
Campbell et al. (1997) also showed that humic and fulvic acids tend
to accumulate at the cell surface of green alga Chlorella pyrenoidosa
and cyanobacterium Synechococcus leopoliensis. The amount of HS
associated with the phytoplankton cells increased markedly as the
pH decreased from 7 to 4.

3.3. Interactions between peptides/proteins and humic substances

It is likely that proteins and HS interact in several ways.
Campbell et al. (1997) have proposed two adsorption mechanisms
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Fig. 4. Coagulation tests with MA proteins and HS (a) and BSA and HS (b) mixtures of
initial DOC of 3 + 5,5 + 5 and 8 + 5 mg L~! without coagulant.
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Fig. 5. Coagulation tests with MA proteins/HS mixture without coagulant — residual
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concentrations: 3 + 5 (a), 5+ 5 (b)and 8 + 5 (c) mg L.

for the adsorption of humic and fulvic acids onto the phyto-
plankton cell surfaces. Hydrogen bonding and the formation of
hydrophobic bonds between the cell surface and the hydrophobic
domain of the HS. Myat et al. (2014) showed that BSA interacted
with humic acid during membrane filtration. They employed
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Fig. 6. Coagulation tests with BSA/HS mixture without coagulant — residual DOC of
mixture, BSA and HS for different BSA/HS initial DOC concentrations: 3 + 5 (a), 5 + 5
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molecular dynamics modelling to provide insights into these in-
teractions and showed that electrostatic, hydrophobic and
hydrogen bonds were dominant types of interaction predicted.
The most common type of interaction observed throughout this
simulation was hydrophobic, involving both aliphatic and
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aromatic moieties of the humic acid interacting with hydrophobic
regions on the protein surface. However, it is questionable to what
extent the hydrophobic interaction occurs at circumneutral pH
values or at pH values close to proteins' isoelectric points. Both HS
and proteins tend to adopt a conformation in which hydrophilic
ionisable functional groups (—COOH, —OH, —NH3) are prevalent
on the outside of molecules in the polar aqueous solution whereas
hydrophobic moieties (e.g. aliphatic chains, aromatic groups) are
self-associated in the interior. In order for the hydrophobic
bonding to occur, the molecules would have to undergo major
conformational changes to expose the hydrophobic interior re-
gion. For example, BSA is in the compact ‘N’ (normal) form in the
pH 4.3—8, as described in the previous section. The hydrophobic
moieties of BSA can be exposed at lower pH values where ‘F’ (fast
migrating) and ‘E’ (expanded) forms occur. Similarly, conforma-
tion of HS macromolecules also changes with pH value. With
decrease in pH, HS acquire a coiled configuration due to lower
intermolecular electrostatic repulsion, thus they may be involved
in hydrophobic interactions (Ghernaut et al., 2009). It can be
therefore assumed that the hydrophobic interactions between
peptides/proteins and HS will gain importance at low pH values.

The next most prevalent interaction type identified by Myat
et al. (2014) in BSA — humic acid system was hydrogen bonding.
It is understandable since both peptides/proteins and HS contain a
large number of polar and hydrophilic functional groups that can be
involved in dipole—dipole interactions.

The third common interaction identified through molecular
dynamics simulations by Myat et al. (2014) was salt bridge, a
combination of a hydrogen bond plus an electrostatic cation—anion
interaction. These interactions are stronger compared to the
hydrogen bonding. Moreover, the simulations by Myat et al. (2014)
identified the salt bridge as the longest lasting interaction. Since the
ionization of functional groups is pH dependent, the significance
and the consequences of electrostatic interactions will change with
the pH value. In case of HS, negative charge prevails over a wide pH
range — the ionization of carboxylic groups take place at pH be-
tween 3.1 and 6.9 and the ionization of phenolic groups at pH be-
tween 6.9 and 8.8 (see Fig. S1 in Supplementary data). The charge of
peptides/proteins is defined by their isoelectric points, the values of
which are mentioned in Section 3.1.

As stated above, in the coagulation tests with single com-
pounds and alum, the main coagulation mechanism is charge
neutralization — positively charged Al-hydroxopolymers interact
with negatively charged functional groups of peptides/proteins
or HS. This is also the case in the experiments with MA proteins/
HS and BSA/HS mixtures. In these tests, the above mentioned
protein-HS interactions lead to significant reductions in coagu-
lant dose. The interactions of proteins and HS with coagulant
within optimum pH range 5.5—6.2 are depicted in Fig. 7a. Even if
organic molecules tend to attach to one another and form groups,
coagulation does not take place without the addition of the
coagulant at about pH > 4 (Fig. 7b), because the electrostatic
repulsion between negatively charged functional groups within
the organic molecules does not allow them to approach. The
situation changes with decrease in pH value. As the pH is low-
ered to approximately 4, acidic functional groups present in both
peptide/protein and HS molecules are progressively protonated.
Electrostatic repulsion between peptides/proteins and HS is
suppressed, the conformation of the molecules changes and the
possibility of hydrophobic and hydrogen bonding is thus
enhanced. Electrostatic interactions are also likely to occur since
molecules still bear some charged functional groups, both posi-
tive (especially in peptides/proteins) and negative. The suppres-
sion of the negative charge at low pH values thus leads to
formation of aggregates (Fig. 7c).
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Fig. 7. The interactions between proteins, HS and coagulant (Al) at pH 5.5-6.2 (a),
between proteins and HS without coagulant at pH > 4 (b), and between proteins and
HS without coagulant at pH < 4 (c).
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4. Conclusions

The study showed that the molecular interactions between
humic substances and peptides/proteins of M. aeruginosa sub-
stantially impact on the coagulation process, as these interactions
lead to a noticeable decrease in coagulant dose and increase in
coagulation effectiveness when compared with coagulation of HS
alone. The optimum pH for coagulation of MA protein/HS mixture
by alum did not basically differ from the optimum pH for single HS
coagulation and ranged between pH 5.5—6.2. Charge neutralization
of proteins and HS by coagulant hydroxopolymers was the main
coagulation mechanism. MA proteins and HS interacted, probably
through hydrophobic, dipole—dipole and electrostatic interactions,
even in the absence the coagulant, but these interactions resulted
in coagulation only at low pH values (pH < 4), where the negative
charge of organic molecules was suppressed. Bovine serum albu-
min behaved in the coagulation experiments in the same way as
MA proteins, showing that it is a suitable model for MA proteins. It
is generally believed that increases in organic content in water
treatment plant source water due to the release of AOM entail
deterioration of the coagulation process and a rise in coagulant
demand. However, the present findings suggest that this does not
have to be the case, when released AOM interact with other par-
ticles or molecules present in source water. Further work is
required to identify the possible interactions between AOM and
other impurities and to assess the influence of these interactions on
water treatment processes.
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This supplementary data contains the following sections and figures:
S1. Potentiometric titrations of humic substances

S2. Acidity of humic substances

S3. HPSEC of humic substances

Fig. S1 Titration curve of humic substances

Fig. S2 HPSEC of humic substances

Fig. S3 HPSEC of peptides/proteins of M. aeruginosa

Fig. S4 HPSEC of BSA protein

S1. Potentiometric titrations of humic substances

Titration experiments were carried out under nitrogen atmosphere using an Orion 960 Autotitrator
(Thermo Scientific, USA). Before the experiments, the system was standardized with dilute NaOH
solutions to pH 11. The ionic strength (/ = 0.05 mol L™*) was controlled with NaCl. The HS solutions
containing 100 mg C L™ were titrated to pH 2 using 0.05 M HCI at a constant temperature 25.0 + 0.2
°C. A blank titration was performed under the same conditions. The resultant titration curve
(transformed for 1 g C L) was determined as the difference between the humic substances (HS) and
the blank titration.

S2. Acidity of humic substances

In the titration experiments, two pH buffer regions were identified, as is evident in Fig. S1. Region A
in the moderately basic pH range is attributed to the neutralization of phenolic groups and region B
in the acid pH range to neutralization of carboxylic groups (Fernandes et al., 2009). The titration
curve shows that 1 g of dissolved organic carbon (DOC) formed by humic substances contains almost
7 mmol of carboxylic groups that become protonated/dissociate in the pH range 3.1-6.9 and about 1
mmol of phenolic groups that become protonated/dissociate in the pH range 6.9-8.8, depending on
their respective pK, values.
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Fig. S1 Titration curve of humic substances.

$3. HPSEC of humic substances

The apparent molecular weight distribution of HS, determined by high-performance size exclusion
chromatography (HPSEC), shows that the majority of the molecules fall in the range 4.3 - 15.8 kDa
with the highest UV signal for 10.8 kDa molecules (Fig. S2).
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Fig. S2 HPSEC of humic substances (sample DOC = 100 mg L™).
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Fig. $3 HPSEC of peptides/proteins of M. aeruginosa (sample DOC = 100 mg L™).
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Fig. S4 HPSEC of BSA protein (sample DOC = 100 mg L™).
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ABSTRACT

Coagulation of peptides and proteins produced by the cyanobacterium Microcystis aeruginosa and their influence on the coagulation of
hydrophobic kaolinite particles were investigated. For this purpose, the dose of ferric sulphate used as the coagulant was optimized and
jar tests with kaolinite, peptides/proteins and both kaolinite and peptides/proteins were carried out under different pH conditions. At pH
4-5.5, the peptides/proteins were efficiently coagulated and peptides/proteins were also found to contribute to the coagulation of kaolinite
particles at this pH. Charge neutralization and adsorption were found to be the dominant coagulation mechanisms. The coagulation
efficiency and the character of the prevailing coagulation mechanism were strongly dependent on the charge characteristics of the
peptides/proteins, kaolinite and hydrolysis products of iron, thus on the pH value. At a pH of about 6, the coagulation process deteriorated

due to the formation of soluble Fe-peptide/protein complexes.

Keywords: cellular organic matter (COM), coagulation, complex formation, Microcystis aeruginosa, water treatment

Introduction

Eutrophication of surface waters leads to seasonal oc-
currence of algal blooms and excess growth of cyanobac-
teria. Algal organic matter (AOM) interferes with the wa-
ter treatment process, which includes a reduction in the
coagulation efliciency resulting in increased coagulant
demand (Bernhardt et al. 1985; Takaara et al. 2007; Ma et
al. 2012), membrane fouling (Campinas and Rosa 2010),
higher production of hazardous disinfection by-products
(Huang et al. 2009; Fang et al. 2010) and disagreeable
odour and taste compounds (Li et al. 2012). Cyanobacte-
ria, usually a prevailing component of algal blooms, also
produce many toxins (Harada 2004). The current knowl-
edge of the influence of AOM on water quality and the
water treatment processes are reviewed in detail by Pivo-
konsky et al. (2016). AOM includes extracellular organ-
ic matter (EOM) derived from the metabolic activity of
algae and cellular organic matter (COM) released when
cells are damaged. COM is released into water at higher
rates when pre-oxidation methods are used to enhance
the coagulation of algal cells (Ma et al. 2012; Xie et al.
2013) and especially during the decay of algal blooms,
which usually lead to a sudden decrease in coagulation
efficiency (Pivokonsky et al. 2009a). This could be tem-
porarily overcome by increasing coagulant dose. Howev-
er, this generates subsidiary problems, e.g. an increase in
operating cost and yield of sludge.

COM includes a wide spectrum of substances such
as oligosaccharides, polysaccharides, proteins, peptides,

amino acids and some other organic acids (Liisse et al.
1985; Maksimova et al. 2004). In general, the composi-
tion of COM can be characterized as non-protein and
protein organic matter (Pivokonsky et al. 2006). Some
studies have demonstrated that, for instance, proteins
produced by the cyanobacterium Microcystis aerugi-
nosa during its stationary growth phase make up about
60-65% of its COM (Pivokonsky et al. 2006; Henderson
et al. 2008). As a result of the release of COM during al-
gal growth, there are increasing amounts of proteins in
the cultivation media of several species. The peptide/
protein portion reached up to 47% of the total organics
for Microcystis aeruginosa, 42% for the diatom Fragilaria
crotonensis and 28% for the green alga Chlamydomonas
geitleri (Pivokonsky et al. 2014).

COM peptides and proteins may have either a positive
or negative effect on coagulation. They can improve co-
agulation by acting as polymer aids under specific condi-
tions (Bernhardt et al. 1985; Ma et al. 2012). On the other
hand, COM peptides and proteins may adversely affect
the coagulation process and increase the consumption of
coagulant by forming soluble complexes with metal ions
(Fe and Al) used as coagulants (Pivokonsky et al. 2006,
2012; Takaara et al. 2007). In addition, COM influences
the coagulation of other impurities present in inpurified
water, e.g. inorganic colloids or humic substances (HS).
The COM peptides/proteins produced by M. aerugino-
sa can enhance coagulation of humic substances if the
process is operated within a certain pH range. The pos-
itive effect occurs due to electrostatic, hydrophobic and
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dipole-dipole interactions between proteins and HS
(Pivokonsky et al. 2015). Some studies have also revealed
the effect of AOM components on coagulation of quartz
(Bernhardt et al. 1985) or kaolin particles (Takaara et al.
2007, 2010). However, the effect of reaction conditions
(pH, coagulant dose etc.) and the character of COM (mo-
lecular weight, surface charge of molecules, functional
group content etc.) on coagulation of particulate impu-
rities has not been adequately explained. Therefore, this
study is aimed at the elucidation of the effect of COM
peptides/proteins (isolated from cyanobacterium Micro-
cystis aeruginosa) on the coagulation of a hydrophobic
kaolinite suspension and description of the mechanisms
of the interactions between peptides/proteins, kaolinite
particles and hydrolysis products of the coagulant.

Materials and Methods

Kaolinite Samples

The kaolinite clay (particles < 4 um) was obtained
from the deposit at Sedlec (Sedlecky kaolin a.s., Czech
Republic). Aqueous suspension of kaolinite particles was
homogenized using an ultrasonic homogenizer (UP400S,
Hielscher Ultrasonics, Germany) at 100% amplitude of
ultra-sonication (400 W) in pulse mode for 30 min, and
subsequently used in coagulation experiments.

Kaolinite Surface Charge Determination

The surface charge of kaolinite was determined us-
ing potenciometric titrations performed at three elec-
trolyte concentrations. Specifically, 40 g of kaolinite clay
(< 4 pm) was mixed with 1.0, 0.1 and 0.01 M solutions
of NaCl so that the final volume was 400 ml. The sam-
ples were homogenized using an ultrasonic homogeniz-
er (UP400S, Hielscher Ultrasonics, Germany) at 100%
amplitude of ultra-sonication (400 W) in pulse mode for
30 min. Then, 0.1M NaOH was added to obtain an initial
pH of 12 and the samples were titrated with 0.1 M HCl to
pH 2.5 in a nitrogen atmosphere using an Orion 960 Au-
totitrator (Thermo Scientific, USA). Blank titrations were
also performed. Relative surface charge was determined
from the difference between the surface titration curves
and the blank curves. Relative surface charge was then
plotted against pH. The pH at which the curves of three
electrolyte concentrations crossed was the pH at which
kaolinite particles exhibit zero net charge at the surface
(pH of point of zero charge, i.e. pH,, ). This method is
described in detail in the literature (van Raij and Peech
1972; Coles and Yong 2002).

C(OM peptide/protein preparation

Cyanobacterium Microcystis aeruginosa used in this
study was harvested at the Svihov water reservoir (Czech
Republic). Sampling was done using a plankton net with
a mesh size of 0.01 mm. The sampled cells were separat-

ed from coarse impurities by washing in ultra-pure water
and passing the sample through a sieve with mesh size
of 0.1 mm. Subsequently, the cells were separated from
water by filtration through 0.22 um membrane filter
(Millipore, USA). Quantitative microscopic analysis of
the separated cells showed that samples consisted of ap-
proximately 99% M. aeruginosa. Thereafter, the cells were
stirred with ultra-pure water and disrupted in an ice bath
using an ultrasonic homogenizer (UP400S, Hielscher
Ultrasonics, Germany) at 60% amplitude of ultra-soni-
cation (240 W) in pulse mode for 5 min. The residual
solids were removed by centrifugation and subsequently
by a 0.22 pm membrane filter (Millipore, USA). Peptides/
proteins were isolated from the COM using (NH,),SO,
to precipitate protein (Dawson et al. 1986). The peptide/
protein precipitate was then separated from the non-pro-
tein organic matter by filtration through a 0.22 pm
membrane filter (Millipore, USA), dissolved in 200 ml
of ultra-pure water and purified using an ultrafiltration
membrane PLAC 1000 Da (Millipore, USA) and a Sol-
vent Resistant Stirred Cell (Millipore, USA).

COM peptide/protein characterization

Dissolved organic carbon (DOC) concentration was
monitored in samples filtered through 0.22 pm mem-
brane filter (Millipore, USA) using a Shimadzu TOC-
Vpp analyzer (Shimadzu Corporation, Japan) that meas-
ured the organic carbon content by the TC-IC method as
the difference between TC (total carbon) and IC (inor-
ganic carbon). The average DOC value for each sample
was determined from three measurements and the error
was less than 2%.

Apparent molecular weights (MW) of COM peptides/
proteins were determined by high performance size ex-
clusion chromatography (HPSEC) using the method
described in the literature (Hnatukova et al. 2011; Pivo-
konsky et al. 2012). Reproducibility of the MW fraction-
ation of COM protein samples was very good, with MW
deviations of less than 3% between repeated measure-
ments.

Isoelectric points (pI) of COM peptides/proteins
were determined by isoelectric focusing (IEF) using
a Multiphor II electrophoresis system (Pharmacia, Swe-
den) according to the method described in the literature
(Hnatukova et al. 2011).

Peptides/proteins, which are able to form soluble
complexes with iron, were isolated by affinity chroma-
tography. The samples of peptides/proteins were passed
through an affinity column (1 ml HiTrap™, Amersham
Bioscience Corp., Japan) in which Fe3* ions were im-
mobilized as ligands. Binding buffer was prepared with
0.02M sodium phosphate and 0.5M NaCl (pH 6). Elu-
tion buffer was of the same composition as the binding
buffer, but its pH was set to 9. The elution strategy was
developed in order not to damage peptides/proteins and
prepare a sample suitable for UV detection. The flow rate
of buffer was 1 ml min~! and the volume of the fractions
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collected was 15ml. Then, the eluted fractions were de-
salted and concentrated using an ultrafiltration mem-
brane PLAC 1000 Da (Millipore, USA) and a Solvent
Resistant Stirred Cell (Millipore, USA). MW of isolated
peptides/proteins were determined using HPSEC. All
analyses were done in triplicate.

Coagulation Tests
The influence of COM peptides/proteins on the coag-

ulation process was investigated using standard jar tests

(Bratby 2006). Jar testing was done with a variable speed

eight paddle stirrer LMK 8-03 (IH AS CR, Czech Repub-

lic) in 21 jars. Ferric sulphate (Sigma-Aldrich, USA) was
used as a coagulant because the study of Pivokonsky et
al. (2009b) has shown that its efficiency in COM peptide/
protein coagulation is higher than that of aluminium
coagulants. Its optimum dose for efficient peptide/pro-
tein removal was determined by using tests without pH
control and with coagulant doses ranging from 0.025 to

0.250 mmol 1! of Fe (1.4-14.0mg 1-!). For experiments

in which the pH was controlled and coagulant dose opti-

mized, 0.1 M HCl and 0.1 M NaOH were added to achieve
the target pH varying between 3 and 9. The jar test pro-
cedure consisted of 1 minute of high intensity agitation

(G = 300 s7!), 15 minutes of low intensity agitation

(G = 80 s71) and 60 minutes of settling. The results of

coagulation tests were evaluated by water analysis after

sedimentation of the suspension. Residual Fe, dissolved
organic carbon (DOC), turbidity, pH, alkalinity and mo-
lecular weight of residual peptides/proteins were mon-
itored. In order to evaluate the influence of COM pep-
tides/proteins on coagulation of kaolinite suspension,
three types of jar tests were operated within the pH range

3-9 using the optimum coagulant dose of 7mg 171, i.e.

0.125 mmol 1! of Fe. Moreover, the comparison of jar

testing results enabled the description of probable coagu-

lation mechanisms. To facilitate the comparison between
different types of jar tests, the optimum dose for peptide/
protein removal was also used in other types of jar tests.

The jar tests were as follows:

1) coagulation of suspended kaolinite particles,

2) coagulation of COM peptides/proteins,

3) coagulation of suspended kaolinite particles together
with COM peptides/proteins.

The corresponding samples of synthetic raw water
were used:

1) Ultra-pure water with an alkalinity of 1.5 mmol 1-!
(75mg It CaCO,) with NaHCO, + 25mg 17! of kao-
linite particles < 4 pm.

2) Ultra-pure water with an alkalinity of 1.5 mmol 1-!
(75mg 1-! CaCO,) with NaHCO, + COM peptides/
proteins of DOC concentration 8 mg 1-1.

3) Ultra-pure water with an alkalinity of 1.5 mmol I-!
(75mg 17! CaCO,) with NaHCO; + 25mg I-! of ka-
olinite particles < 4 um + COM peptides/proteins of
DOC concentration 8 mg 11

DOC concentration of 8mg 1! is the common COM
peptide/protein content in natural surface water (Pivo-
konska et al. 2008).

Results and Discussion

COM Peptide/Protein Characterization

The COM peptides/proteins were characterized in
terms of MW distribution. Fig. 1 shows peptides/pro-
teins isolated from COM produced by the cyanobacte-
rium M. aeruginosa of apparent MWs of 1, 2.8, 4, 4.5, 5,
5.7, 6, 6.8, 8, 8.5, 12, 30, 40, 52, 106, 266, 470 and 1077
kDa. The values of peptide/protein isoelectric points (pI)
determined by isoelectric focusing (IEF) were 4.79, 5.12,
5.25, 5.45, 5.62, 5.80, 6.10, 6.33, 6.47, 6.63, 7.05, 7.39,
7.82,7.93 and 8.05. The character of COM peptides/pro-
teins of M. aeruginosa has been discussed in our previous
studies (Pivokonsky et al. 2006, 2012, 2014; Hnatukova
etal. 2011).
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Fig. 1 HPSEC profile of COM peptides/proteins.

Coagulation of Kaolinite Suspension

Fundamental mechanisms of kaolinite coagulation
are charge neutralization and adsorption (Bache and
Gregory 2007). Their efficiency is closely related to the
surface charge value (of both kaolinite particles and
hydrolysis products of coagulation agent), which is pH
dependent. As for ferric hydroxocomplexes, at pH < 2,
Fe3* ions occur in a water environment as Fe-hexaaqua-
complex [Fe(H,0).]3*. At pH ~ 2, double nuclear Fe-hy-
droxocomplex [Fe,(OH),]** ions are formed due to the
release of protons from the ion. As the pH rises (pH > 2),
hydrolysis proceeds and the positively charged polynu-
clear Fe-hydroxopolymers (i.e. [Fe,(OH),(H,0),]*,
[Fe,(OH),(H,0);]°>* and [Fe,(OH),(H,0),,]°") and
Fe-oxide-hydroxides a-FeO(OH) or y-FeO(OH) are
formed. At pH > 8, iron largely occurs as anionic hydrox-
ocomplexes, e.g. [Fe(OH),]~ (Stumm and Morgan 1996).
The surface charge of a kaolinite suspension, specifically
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its point of zero charge (pH,,.), depends on the chemi-
cal composition of kaolinite. In this study, pH,,,. was de-
termined by potentiometric titrations at three different
electrolyte concentrations (0.01, 0.1 and 1.0 M NaCl) and
was set to approximately pH = 3. It implies that negative-
ly charged sites on the kaolinite surface prevail at pH > 3
and that the total kaolinite charge is negative.

The coagulation tests performed with aqueous sus-
pension containing 25mg 1! of kaolinite particles and
with an iron dose of 7mg 1! (i.e. 0.125 mmol I-! Fe)
showed that the lowest residual concentrations of both
kaolinite (expressed as residual turbidity) and iron were
reached in the pH range 6.5 to 8 (Fig. 2). Very similar
results for kaolinite coagulation are reported by Kim and
Kang (1998) who recorded the highest kaolinite removal
by ferric nitrate (initial kaolinite concentration 25 mg1-1)
at a pH between 6.7 and 8.2. Within this pH range,
positively charged iron hydroxocomplexes and iron ox-
ides-hydroxides are adsorbed on negatively charged kao-
linite particles, which results in a gradual neutralization
of the kaolinite surface charge and efficient coagulation.
Adsorption of iron constituents is explained by electro-
static interactions, exchanging reactions and hydrogen
bonding (Bache and Gregory 2007).

Coagulation of COM Peptides and Proteins

The results of coagulation tests with peptides/pro-
teins (DOC 8mg I71) and ferric sulphate (7mg I-! =
0.125 mmol 17! of Fe) are shown in Fig. 3. The lowest
residual peptide/protein concentration (expressed as re-
sidual DOC concentration) was achieved within the pH
range 4 to 6. The capability of COM peptides/proteins to
be coagulated stems depended on the character and con-
tent of functional groups and also their molecular weight,
which will be discussed later. Some of the functional
groups, such as ~-OH, -COOH, -SH, -NH,, -CONH,
etc. may bear a charge under certain pH conditions,
which allows coagulation by charge neutralization and/
or adsorption (Bernhardt et al. 1985). If the isoelectric

8 140

—a— residual Fe r 120
—o— residual turbidity

r 100

r 80

Fe[mg L™
N

r 60

turbidity [NTU]

r 40

r 20
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Fig. 2 Jar tests with kaolinite - dependence of residual Fe and turbidity
on pH value (D, =7mg I1).

points of peptides/proteins are taken into consideration,
it is obvious that at the pH of the highest coagulation
efficiency (4-6), peptides/proteins bear both negatively
and positively charged functional groups on their sur-
face. They are therefore able to interact electrostatically
with positively charged hydrolysis products of iron. At
pH around 6, a noticeable increase in residual DOC
and iron concentration was recorded, which means that
a portion of the peptides/proteins and iron remained in
solution owing to the formation of soluble Fe-peptide/
protein surface complexes. Our previous study (Pivokon-
sky et al. 2012) showed that the mechanisms of Fe-pep-
tide/protein complex formation are largely of electro-
static character and that the ability of peptides/proteins
to form complexes with Fe (i.e. their binding capacity)
is dependent on pH. It reaches its maximum at pH 6-7.
Naturally, if Fe ions are bound to peptides/proteins, they
cannot take part in the coagulation process (Bernhardt
et al. 1985; Pivokonsky et al. 2006; Takaara et al. 2007).
Moreover, iron bound to peptides/proteins blocks nega-
tively charged sites on the peptide/protein surface, which
prevents peptides/proteins from being coagulated by ad-
sorption and charge neutralization mechanisms (Pivo-
konsky et al. 2012). As seen in Fig. 3, residual DOC and
Fe concentrations sharply increased at pHs > 7. At this
pH value, the negative charge of both hydrolysis products
of iron and peptides/proteins prevails and thus, repulsive
electrostatic interactions lead to inefficient coagulation.

In order to characterize peptides/proteins able to
form soluble complexes with iron, affinity chromatogra-
phy followed by HPSEC was performed. Fig. 4 shows that
complex forming peptides/proteins have MWs of 1, 2.8,
6, 8, 8.5, 10 and 52 kDa. It is well known that cyanobac-
terial COM may contain several groups of metal bind-
ing compounds. The low-MW region probably includes
iron-binding peptides of MW of 500-1500 Da called si-
derophores, which are secreted by cyanobacteria under
conditions of iron stress and enable the transport of ferric
ions into cells (Albrecht-Gary and Crumbliss 1998). In
addition, low-MW compounds might be cyanobacteri-
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Fig. 3 Jar tests with peptides/proteins - dependence of residual DOC
and Fe on pH value (D¢, = 7mg I-7).
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Fig. 4 HPSEC profile of complex forming peptides/proteins.

al metallothioneins, cysteine-rich peptides/proteins that
bind, sequester and buffer the excess intracellular metal
cations through the thiol group of its cysteine residues
(Turner and Robinson 1995). The isolated iron-binding
protein of MW 52 kDa probably is the cyanobacterial
metalloenzyme bidirectional hydrogenase, which has an
affinity for iron and is present in M. aeruginosa (Tamag-
nini et al. 2007). Fe-binding protein of a similar molecu-
lar weight was also isolated in several other studies (Piv-
okonsky et al. 2006, 2012; Takaara et al. 2007).

Coagulation of Kaolinite Together with COM Peptides
and Proteins

Coagulation tests with kaolinite (25 mg 1-1), peptides/
proteins (DOC 8mg 1!) and ferric sulphate (7mg 1!
= 0.125 mmol 17! of Fe) revealed that the optimum pH
conditions were within almost the same range as the
above described coagulation tests with peptides and pro-
teins. Kaolinite particles, peptides/proteins and iron were
efficiently removed at pHs between 4 and 5.5 (Fig. 5). As
the pH value rose, the DOC removal efficiency decreased
and the peptide/protein coagulation ceased at pH about
7. Further, Fig. 5 also shows that the removability of ka-
olinite particles is closely connected with the coagula-
tion of COM peptides/proteins. In the presence of these
organic substances, kaolinite was removed even at pHs
< 5.5. However, as demonstrated before, kaolinite parti-
cles were not removed within this pH range in the absence
of peptides/proteins. The probable mechanisms involved
in the coagulation of peptides/proteins and kaolinite
are again charge neutralization and adsorption. At pHs
< 5.5, not only electrostatic interactions between pos-
itively charged iron hydroxocomplexes and negatively
charged ionized functional groups of peptides/proteins
occur (as described for coagulation of peptides/proteins),
but there are also electrostatic interactions between
positively charged peptide/protein functional groups
(e.g. -NH;*) and negatively charged kaolinite particles.
These interactions lead to the gradual neutralization of

Fig. 5 Jar tests with kaolinite + peptides/proteins-dependence of
residual DOC, Fe and turbidity on pH value (D¢, = 7mg I-7).

the surface charge of both kaolinite particles and pep-
tides/proteins and subsequently enable the formation of
uncharged micro-aggregates (Fig. 6). Furthermore, kao-
linite was also removed within the pH range 6.5-8 re-
sulting in low residual turbidity and iron concentrations,
but peptides/proteins obviously did not participate in the
coagulation process and their residual content remained
high. This pH optimum for removal of kaolinite corre-
sponds to the optimum for coagulation in the test per-
formed only with kaolinite and ferric sulphate (Fig. 2).
Moreover, as in the case of coagulation tests with pep-
tides/proteins (Fig. 3), there is a peak of residual iron at
a pH of about 6 in Fig. 5. This peak is likely to be caused
by two distinct features. Firstly, it can be attributed to
the formation of soluble Fe-peptide/protein complexes,
similar to the coagulation of peptides/proteins in the ab-
sence of kaolinite. Secondly, it may represent the transi-
tion between two different processes, i.e. the coagulation
of peptides/proteins and kaolinite together at pH 4-5.5
and coagulation of kaolinite itself at pH 6.5-8. Finally, at
pH > 8, no coagulation occurred due to the excess of the
negative charge of all particles in the system - kaolinite,
peptides/proteins and also iron constituents.

HPSEC analysis performed after coagulation tests
with kaolinite, peptides/proteins and ferric sulphate
demonstrated that high-MW proteins are removed un-
der optimal reaction conditions (HPSEC profile at pH 5),
whereas low-MW peptides/proteins remain in the solu-
tion (Fig. 7). These peptides/proteins were found to
have MW 10, 8.4, 7.7, 6.5, 2.8 and 1 kDa. Interestingly,
these peptides/proteins were shown by affinity chroma-
tography to form soluble complexes with iron, which is
consistent with findings of other studies (Pivokonsky
et al. 2009a, 2015; Ma et al. 2012), in which high-MW
COM compounds were removed with higher efficiency
than low-MW compounds. In addition, only negligible
amounts of peptides/proteins were removed during co-
agulation at pH 8.
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Fig. 6 Mechanism of coagulation of peptides/proteins and kaolinite.

Conclusions

This research demonstrates that the removal of COM
peptides/proteins during water treatment is strongly
pH-dependent and that COM peptides/proteins affect
the removal of kaolinite particles. The coagulation pro-
cess is commonly performed at neutral pH during water
treatment. This pH value is suitable for treatment of high-
ly turbid waters, which is supported by our finding that
kaolinite particles are efliciently removed within a pH
range of 6.5 to 8. Nevertheless, the results of coagulation
tests showed that the optimum pH for COM peptides/
proteins (DOC) removal by ferric sulphate is in the range
of 4-6, when electrostatic interactions between positively
charged iron constituents and negatively charged sites on
peptide/protein molecules enable coagulation through
charge neutralization and adsorption. Interestingly, at
relatively low pHs (4-5.5), COM peptides/proteins con-
tribute to the removal of kaolinite. The present findings
suggest that during the seasonal growth of cyanobacte-
ria, decrease in reaction pH is a prerequisite for the effi-
cient removal of COM proteins and is also convenient for
clearing turbid water. Regarding peptide/protein charac-
teristics related to coagulation, HPSEC analysis showed
that high-MW proteins are effectively removed at opti-
mal reaction pHs (4-5.5), whereas low-MW proteins are
poorly removed. Moreover, it was found that several pep-
tides/proteins are able to form soluble complexes with
iron used as a coagulant at a pH of about 6. This feature
deteriorates the coagulation of COM peptides/proteins
and of kaolinite particles.
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Fig. 7 HPSEC profile of peptides/proteins after coagulation tests at pH
values 8 and 5.
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ABSTRACT KEYWORDS

The proliferation of algal and cyanobacterial blooms globally Activated carbon; algae;
has led to renewed interest in understanding the impact of ~ coagulation and flocculation;
cell populations on water treatment plant (WTP) performance ~ Cyanobacteria; disinfection
and the resultant water quality, particularly the role of gr'prf’d”m; membrane
algogenic organic matter (AOM). This review discusses tration

current knowledge on the composition of AOM, how it

interferes with water treatment process technologies applied

for the treatment of algal blooms, and how it affects water

quality. Specifically, it was shown that AOM can lead to

increased coagulant demand, increased propensity of

membrane fouling, and contribute to disinfection by-

products (DBPs). Identified knowledge gaps included a need

for further research on the impact of cellular organic matter

(COM) after an algal bloom collapses and the impact of

interactions between AOM and natural organic matter (NOM).

1. Introduction

With increasing eutrophication of aquatic environments and the consequent
phytoplankton population increases, organic matter (OM) originating from
algal cells is believed to comprise a substantial proportion of natural organic
matter (NOM) in surface waters, playing an important role in aquatic ecosys-
tems (Ozawa et al., 2005; Dyble et al., 2008; Henderson et al., 2008b; Zhang
et al,, 2010b; Li et al., 2011). This algogenic organic matter (AOM) is released
into water as a by-product of algal and cyanobacterial photosynthesis and
secondary metabolism, forming extracellular organic matter (EOM), and by cell
lysis as cellular organic matter (COM). This COM is released mainly during the
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stationary and decline growth phases and also when water treatment processes
induce cell rupture, for example, during preoxidation (Ma and Liu, 2002; Ma
et al,, 2012b; Coral et al., 2013; Pranowo et al., 2013; Wang et al., 2013).

The AOM comprises a spectrum of organic compounds including monosac-
charides and polysaccharides, nitrogen-containing compounds (amino acids,
peptides, proteins, nucleic acids), lipids and various organic acids. The well-
researched cyanobacterial toxins and taste and odor compounds are also compo-
nents of AOM (Chorus and Bartram, 1999; Harada, 2004; Ozawa et al., 2005;
Dyble et al., 2008). The composition of AOM strongly depends on the species, its
growth phase, the age of the culture, and on the culture conditions (Hoyer et al.,
1985; Pivokonsky et al., 2006, 2014; Henderson et al., 2008b; Leloup et al., 2013)
as well as on external influences such as nutrient status (Myklestad, 1995; Wil-
helm, 1995; Huang et al., 2007b, 2012; Kong et al., 2014) or the presence of toxic
substances (Mohamed, 2008). It is understood from laboratory experiments that
AOM can be produced in significant concentrations, for example, Henderson
et al. (2008b) observed stationary-phase AOM concentrations from lab cultures
in the range of approximately 4—27 mg L' as C dependent on the species. How-
ever, monitoring during algal and cyanobacterial blooms has focused mainly on
the toxic and taste and odor fractions of the AOM. Consequently, there now exist
management guidelines with associated cell population alert levels due to toxin
concentrations, such as that advised by the World Health Organization of
2000 cells mL™" and 100,000 cells mL ™" (Chorus and Bartram, 1999) and a provi-
sional guideline value for the total microcystin-LR of 1 ugL~' (WHO, 2011). Yet
there remains a lack of understanding on the typical total AOM concentrations
experienced during blooms and, as a result, on the AOM concentrations above
which water treatment performance issues are experienced.

When algal or cyanobacterial populations increase in reservoirs supplying
drinking water treatment plants (WTPs), water treatment technologies have to
cope not only with increased cell numbers but also with AOM. The sudden
release of high concentrations of COM into the WTP source water may result in
serious problems in drinking water treatment processes, especially during the
decline phase of an algal bloom, and may even lead to the collapse of a WTP
and/or to the production of drinking water of unsatisfactory quality (Zhang
et al., 2010b). Among the most pronounced adverse effects of AOM on drinking
water production are the reduction in coagulation efficiency (Bernhardt et al.,
1985; Takaara et al., 2007; Ma et al., 2012b; Pivokonsky et al., 2012), membrane
fouling (Amy, 2008; Qu et al., 2012b; Zhang et al., 2013a), decreased adsorption
efficiency for micropollutants and low molecular weight (MW) compounds
onto activated carbon (AC) (Hnatukova et al., 2011; Kopecka et al., 2014),
occurrence of cyanobacterial toxins (Harada, 2004) and odor and taste com-
pounds (Huang et al., 2007b; Li et al., 2012), and disinfection by-product (DBP)
formation (Nguyen et al., 2005; Fang et al., 2010; Yang et al,, 2011; Li et al,
2012; Wert and Rosario-Ortiz, 2013).
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In recent years, a number of studies on AOM and its impact on water treat-
ment have emerged. Hence, this review aims to consolidate current knowledge
in this research area and identify knowledge gaps in order to guide future
research endeavors. Specifically, this review aims to:

(1) Identify the key composition of AOM from a water treatment perspective.

(2) Evaluate the performance of water treatment technologies in the presence

of AOM.

(3) Address the main factors influencing the effectiveness of constituent treat-

ment processes and examine the removal mechanisms.

(4) Discuss AOM treatability with respect to its properties as well as its poten-

tial to form DBPs.

2. AOM properties from the perspective of water treatment

The concentration of AOM has been observed to reach up to approximately
27 mg L ™" in laboratory cultures (Henderson et al., 2008b) and therefore is con-
sidered to have a significant impact on the NOM composition in natural water,
where typical humic substances and peptide/protein content are both present in
concentrations of approximately 5 mg L~" (Knauer and Buffle, 2001; Matilainen
et al., 2008; Pivokonska et al., 2008). Previous studies characterizing AOM have
found that it differs from NOM of humic character in several aspects that are
important from the perspective of water treatment, such as hydrophobicity, spe-
cific UV absorbance (SUVA) value, or MW distribution (Hoyer et al., 1985;
Nguyen et al., 2005; Pivokonsky et al., 2006, 2014; Henderson et al., 2008b; Fang
et al,, 2010; Huang et al., 2012; Li et al., 2012; Chon et al., 2013; Leloup et al.,
2013; Zhou et al.,, 2014a). Actually, AOM more closely resembles such as sec-
ondary treated wastewater effluent, termed effluent organic matter (EfOM), in
these respects (Her et al.,, 2003; Henderson et al., 2008b) Hydrophobicity and
MW of the organic molecules influence their tendency to foul membranes and
to be removed by coagulation and adsorption onto AC. It was found that hydro-
philic (HPI), high-MW compounds are the main membrane foulants (Amy,
2008) and that high-MW fractions are more amenable to coagulation than low-
MW ones (Pivokonsky et al., 2012). Moreover, AC was reported to be ineffective
in adsorbing the HPI high-MW molecules (Zhang et al., 2011a). Specifically, it
was shown that EOM and COM predominantly comprise more than 60% and
80% HPI compounds, respectively, including carbohydrates, hydroxy acids,
low-MW carboxylic acids, amino acids, amino sugars, peptides, low-MW alkyl
alcohols, aldehydes, and ketones. This is as opposed to hydrophobic (HPO)
compounds, such as hydrocarbons, high-MW alkyl amines, high-MW alkyl car-
boxylic (fatty) acids and aromatic acids, phenols and humic substances (Edz-
wald, 1993; Penru et al., 2013), and transphilic (TPI) compounds, which are
assumed to be weakly HPO compounds, such as fulvic acids (Carroll et al,
2000). Li et al. (2011) used an anion-exchange resin to separate the HPI fraction
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of cyanobacterial EOM (species not reported) into neutral hydrophilic (NHPI)
and charged hydrophilic (CHPI) fractions that accounted for 57% and 22%,
respectively. Similar results were obtained by Li et al. (2012) who ascertained
that EOM of cyanobacterium Microcystis aeruginosa comprised 53% of NHPI
and 10% of CHPI compounds. The COM contains an even larger portion of
HPI compounds than does EOM. For example, Pivokonsky et al. (2014)
reported that HPI fractions of COM accounted for 87% for cyanobacterium
Microcystis aeruginosa, 90% for diatom Fragilaria crotonensis, and 89% for green
alga Chlamydomonas geitleri, which compares well with the findings of Li et al.
(2012) that COM of M. aeruginosa contains 86% of the HPI fraction (76% of
NHPI and 10% of CHPI). Accordingly, the portion of HPO fraction in COM
was found to be significantly lower than in EOM, that is about 10% (Li et al.,
2012; Pivokonsky et al., 2014; Zhou et al., 2014a) (Figure 1).

In accordance with the low hydrophobicity of AOM, both EOM and COM
exhibit very low values of SUVA, reflecting the content of aromatic structures
and conjugated double bonds in OM (Leenheer and Croue, 2003). In the case of
EOM, SUVA decreases with the age of algal culture, which is related to the
increasing content of largely HPI high-MW and/or cellular organics, whose con-
centration rises throughout the growth of algae due to increasing cell mortality
rate. For example, EOM obtained during the exponential growth phase was
reported to have a SUVA of about 1—2 m~' mg ' L, whereas the SUVA of sta-
tionary-phase EOM ranged between 0.3 and 1 m~' mg~' L depending on spe-
cies and culture conditions (Henderson et al., 2008b; Huang et al, 2012;
Pivokonsky et al., 2014). Huang et al. (2012) showed that the SUVA of EOM
changes with different nutrient conditions (nitrogen:phosphorus ratio). The
studies of Fang et al. (2010) and Pivokonsky et al. (2014) ascertained that COM

3 HNPI —= CHPI = TPl oo HPO

Figure 1. Comparison of the relative proportions of hydrophobic, hydrophilic (charged and neu-
tral), and transphilic fractions in EOM and COM.
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had a lower SUVA than EOM, congruent with its very low COM hydrophobic-
ity. However, contradictorily, Li et al. (2012) reported that EOM of M. aerugi-
nosa had a lower SUVA (0.72 m~' mg~' L) than COM (0.91 m~' mg ™' L). This
difference can be attributed to the fact that Li et al. (2012) determined the
SUVA in EOM/COM samples derived from cells harvested during the exponen-
tial growth phase whereas Fang et al. (2010) and Pivokonsky et al. (2014) used
samples from the stationary growth phase, highlighting the complexity associ-
ated with AOM characterization.

The MW distribution of AOM was shown to range from several hundred dal-
tons to hundreds of kilodaltons and to be noticeably wider than the MW distri-
bution of humic matter (Chrost and Faust, 1983; Pivokonsky et al., 2006, 2014;
Henderson et al., 2008b; Fang et al., 2010; Huang et al., 2012; Li et al,, 2012;
Wang et al., 2013; Zhang et al., 2013a). Low-MW fractions include intermediate
products of metabolism, that is aldehydes, hydrocarbons, amines, glycolic acids,
amino acids, and peptides as well as mono- and oligosaccharides (Nguyen et al.,
2005; Huang et al., 2007a). Higher-MW fractions (>10 kDa) are formed mostly
by polypeptide molecules, such as enzymes and their components (Chrost et al.,
1989; Pivokonsky et al., 2014). High-MW biopolymers (>100 kDa) such as pro-
teins and polysaccharides were found to comprise a significant portion of AOM
(Lewin, 1956; Chrost and Faust, 1983; Hoyer et al., 1985; Myklestad, 1995; Mak-
simova et al., 2004; Henderson et al., 2008b; Qu et al., 2012b; Pivokonsky et al.,
2014). The concentration of these biopolymers in EOM rises throughout the cul-
ture growth and is the highest in COM (Hoyer et al., 1985; Lusse et al., 1985;
Pivokonsky et al., 2014). The chemical structure of AOM biopolymers is spe-
cies-specific and is the most investigated for polysaccharides. Maksimova et al.
(2004) reported that extracellular polysaccharides of the green alga Chlorella
pyrenoidosa S-39 comprised 20—40% of its EOM, whereas Lewin (1956) stated
that 25% of EOM produced by Chlamydomonas mexicana comprised polysac-
charides. Similarly, the recent study of Pivokonsky et al. (2014) showed that the
portions of nonpeptide compounds larger than 3 kDa (considered to be mostly
oligo- and polysaccharides) in M. aeruginosa, C. geitleri, and F. crotonensis were
about 20—25% in EOM and 17—-23% in COM. Algal polysaccharides were
found to be composed of rhamnose, fucose, galactose, mannose, arabinose,
xylose, ribose, and uronic acids (Lewin, 1956; Wang and Tischer, 1973; Hoyer
et al,, 1985; Myklestad, 1995; Maksimova et al., 2004; Huang et al., 2007b). Pro-
tein-like substances comprise up to 42% of EOM, with the quantity of peptides
and proteins, as well as their diversity, increasing with culture age (Pivokonsky
et al., 2006, 2014; Henderson et al., 2008b; Fang et al., 2010; Huang et al., 2012).
In the case of some species (e.g. M. aeruginosa, F. crotonensis), proteinaceous
DOC can even exceed 50% of the total DOC in COM (Pivokonsky et al., 2014).

Another important AOM property from the perspective of water treatment is
its charge. Charge of particles/molecules governs their predisposition to be
removed by the charge neutralization mechanism during coagulation. Charge
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also plays an important role in the adsorption of impurities onto coagulant pre-
cipitates, onto AC or membranes, or in interactions with other particles/mole-
cules present in source water. By electrophoretic mobility measurements, it was
demonstrated that EOM as a whole is negatively charged throughout a wide
range of pH values (Bernhardt et al., 1985, 1986; Bernhardt and Clasen, 1991;
Henderson et al., 2008b), attributed to the presence of various functional groups
in EOM molecules. The negative charge density of EOM changes with the spe-
cies and the growth phase (Bernhardt et al., 1985; Paralkar and Edzwald, 1996;
Henderson et al., 2008b). For instance, charge density of M. aeruginosa EOM at
pH 7 decreased from 0.2 meq g ' as C at the exponential growth phase to
0.1 meq g ' as C at the stationary growth phase, while that of Chlorella vulgaris
EOM at pH 7 increased from 0.9 meq g~ as C at the exponential growth phase
to 3.2 meq g~ as C at the stationary growth phase (Henderson et al., 2008b).
Henderson et al. (2008b) also observed a rapid shift from negative to positive
electrophoretic mobility of EOM between pH 1 and 4, which can be attributed
to the ionization of carboxylic groups (-COOH) present in charged polysacchar-
ides and proteins. Decrease in electrophoretic mobility at alkaline pH values is
caused by the dissociation of peptide/protein amino groups (—NH;" and =
NH,* with pK, values of 10.28 and 12.48, respectively) (Henderson et al.,
2008b). The negative charge of polysaccharides stems from the presence of
uronic acids, compounds containing weakly acidic -COOH groups. Their con-
tent is dependent on the species, growth conditions, and also the detection
method used (Wang and Tischer, 1973; Hoyer et al., 1985). The presence of neg-
atively charged extracellular polysaccharides was ascertained for an array of algal
species (Lewin, 1956; Wang and Tischer, 1973; Strycek et al., 1992). Unlike poly-
saccharides, peptides and proteins are amphoteric due to their functional
groups, such as —OH, —COOH, —SH, —NH;", =NH, ™", which can release or
accept proton depending on the pH conditions (Creighton, 1993). The presence
of both positively and negatively charged functional groups in proteins within a
relatively wide pH range enables the proteins to electrostatically interact with
both positively and negatively charged particles in water.

3. Coagulation of AOM

The coagulation of algal and cyanobacterial cells is a well-described process, the
current knowledge of which is summarized in reviews of Henderson et al.
(2008a) and Ghernaout et al. (2010). Since the surface of the cells is slightly neg-
atively charged (Henderson et al., 2008a), the cells are easily coagulated in the
pH range where coagulants (most commonly Al and Fe hydrolyzing salts or pre-
polymerized Al/Fe coagulants) bear positive charge and are, therefore, able to
neutralize the opposite charge of cells. However, coagulation of algal and cyano-
bacterial cells may be hindered by the presence of AOM (Henderson et al., 2010;
Ma et al., 2012b; Vandamme et al,, 2012; Garzon-Sanabria et al., 2013; Wang
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et al,, 2013), which comprises a wide range of organic compounds with various
properties, as discussed in Section 2. The coagulation effectiveness and mecha-
nisms of both cell and AOM removal are dependent mainly on coagulant dose
and reaction pH, and thus on the charge conditions in the system, as coagulants
and organic substances usually carry a charge that is dependent on the pH value.
The ratio of negative and positive charge in the system predetermines the effect
of electrostatic interactions on coagulation. Electrostatic interactions between
particles/molecules may lead either to charge neutralization giving rise to their
efficient aggregation or to charge and/or steric stabilization of particles/mole-
cules that prevents aggregation (Bach and Gregory, 2007). The studies of Bern-
hardt and Clasen (1991) and Henderson et al. (2008a, 2010) revealed a strong
stoichiometric relationship between cell surface area and coagulant demand for
spherical cells. In the presence of EOM, the coagulant dose needs to be increased
(Henderson et al., 2010; Edzwald and Haarhoff, 2011; Ma et al., 2012b) as a
result of both cell surface area and EOM influences (Henderson et al., 2010).
Coagulant demand is then highly dependent on charge density, which appears
to have a stronger influence than the cell surface area. Henderson et al. (2010)
pointed out that, in the case of some algal species (e.g. Chlorella vulgaris), charge
density is predominantly associated with the EOM component.

Contrary to coagulation of algal cells, the studies on coagulation of AOM
itself are quite rare. Bernhardt and coworkers (Bernhardt et al.,, 1985, 1986,
1991) investigated the coagulation of EOM of MW >2 kDa excreted by several
algal species and its influence on the coagulation on quartz particles. They con-
cluded that the EOM contained a large concentration of nonionic and anionic
polyelectrolytes, which can be characterized as neutral and acidic polysacchar-
ides (polyuronic acids) and nonsaccharide macromolecular compounds, such as
proteins. Since EOM bears a negative charge (as described in Section 2), it is
removable by ferric coagulants in the pH range, where Fe forms hydrolytic prod-
ucts bearing a positive charge, that is at pH of about 5—6.5 (the exact pH values
differ in species). At pH above 6.5, where Fe products lose their positive charge
and then form anion complexes with increasing pH, the lack of positive charge
in the system can be compensated by the addition of calcium ions, which enables
efficient coagulation (Bernhardt et al., 1986). In the study of Henderson et al.
(2010), EOM of C. vulgaris, M. aeruginosa, and Asterionella formosa was rela-
tively treatable by coagulation using aluminum sulfate at pH 7 with removal effi-
ciencies of 71%, 55%, and 46%, respectively. Some studies (Widrig et al., 1996;
Safarikova et al., 2013) demonstrated that during the coagulation of AOM-laden
waters, ferric and aluminum coagulants perform in a similar way. Only a differ-
ence in optimum pH ranges was observed (optimum for Al is at higher pH val-
ues than for Fe) (Safarikova et al., 2013), which results from the different
hydrolysis product distributions of Al and Fe (Bach and Gregory, 2007). This
does not apply to seawater, in which aluminum-based coagulants are too soluble
and hence ferric ones are preferred (Edzwald and Haarhoff, 2011).



8 M. PIVOKONSKY ET AL.

The coagulation of charged polysaccharides contained in AOM was
described using alginic acid as a model compound. Alginic acid is composed
of two uronic acids (poly-D-mannuronic acid and L-guluronic acid) containing
-COOH groups with dissociation constants of 3.38 and 3.65, respectively
(Kohn, 1973), and it could be coagulated by ferric salt at pH values below 6
(Bernhardt et al., 1986). Pivokonsky and coworkers (Pivokonsky et al., 2009b,
2012; Safarikova et al., 2013) used peptides and proteins contained in COM of
the cyanobacterium M. aeruginosa and found that their coagulation was highly
dependent on the ratio of positive and negative charges in the system, with the
highest efficiency (between 60 and 85% depending on the initial concentration
of peptides and proteins) at weakly acidic pH values. In the study of Pivokon-
sky et al. (2012), peptides and proteins were removed by ferric coagulant over
pH 4—6 owing to the electrostatic interactions between negatively charged
acidic functional groups (especially —COO™ groups) of peptides/proteins and
positively charged Fe-hydroxopolymers. The attractive electrostatic interactions
led to the gradual neutralization of peptide/protein surface charge and subse-
quent aggregation (Figure 2a). At higher pH values (6—8), where Fe forms col-
loidal oxide-hydroxides (precipitates of FeO(OH)), the adsorption of peptides/
proteins onto the surface of Fe-oxide-hydroxides may also play an important
role. However, this process is highly dependent on the coagulant/DOC concen-
tration ratio (Bernhardt et al., 1985, 1991; Pivokonsky et al., 2012). When the
ratio is high, peptides/proteins attach to the surface of Fe-oxide-hydroxide par-
ticles, resulting in the development of negatively charged areas on the surface
of iron colloidal particles, which interact with the surface of other Fe-oxide-
hydroxide particles leading to particle aggregation (Figure 2b). On the other
hand, when the coagulant/DOC ratio is low, the surface of Fe-oxide-hydroxide
particles becomes completely covered with peptides/proteins, causing an
increase in the negative charge density and, correspondingly, a charge stabiliza-
tion of particles (Figure 2¢) (Pivokonsky et al., 2012). In addition, steric stabili-
zation of the particles may occur due to the protein polymer chains that
project from the particles into the surrounding solution (Bernhardt et al,
1985; Bach and Gregory, 2007). Bernhardt et al. (1991) found that a critical
mass Fe/DOC ratio for EOM removal was within the range of 2—3 mg
(0.036—0.054 mmol) Fe per 1 mg DOC depending on species. Below this ratio,
effective coagulation did not occur. Pivokonsky et al. (2014) observed that the
coagulation of peptides and proteins of M. aerugiosa becomes ineffective at pH
6—8 when the Fe dose was 2.3 mg (0.041 mmol) Fe per mg DOC and lower.
Henderson et al. (2010) reported that the doses of Al required to achieve maxi-
mum removal of EOM at pH 7 were 0.8, 1.2, and 1.5 mg (0.03, 0.044, and
0.056 mmol) Al per mg DOC for C. vulgaris, M. aeruginosa, and A. formosa,
respectively. EOM of M. aeruginosa required a larger dose than C. vulgaris
probably due to the formation of complexes between proteins of M. aeruginosa
and the coagulant (see Section 3.4). EOM of A. formosa contains more
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Figure 2. Mechanisms of coagulation: (a) electrostatic interactions between negatively charged
acid functional groups (—COO0™) of peptides/proteins and positively charged Al/Fe-hydroxopoly-
mers, leading to the coagulation (pH 4—6); (b) adsorption of peptides/proteins onto Al/Fe-
oxide-hydroxide particles (pH 6—8), leading to the coagulation through the interparticle bridges
at high coagulant/DOC ratio; (c) the coagulation inhibition by charge stabilization at low coagu-
lant/DOC ratio; and (d) interactions of positively charged Al/Fe-hydroxopolymers with —COO™
groups of peptides/proteins bound to kaolin particles, and with kaolin particles, leading to coag-
ulation (pH 5—6.5 for aluminum and 4—6 for ferric coagulant).

low-MW material than the EOM of the other two species, resulting in the low-
est removal efficiency and the highest coagulant demand.

High performance size exclusion chromatography (HPSEC) analyses per-
formed after coagulation showed that high-MW protein compounds are much
more effectively removed by coagulation than low-MW ones (Pivokonsky et al.,
2012; Safarikova et al., 2013). This is consistent with the findings of Hoyer et al.
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(1985), who demonstrated that coagulation of the EOM sample, which had
undergone aeration and subsequent decomposition of the polysaccharides by
bacteria, provided lower EOM removals. Furthermore, the study of Pivokonsky
et al. (2009b) showed that protein-like substances (of MW >1 kDa) of M. aeru-
ginosa COM were coagulated more easily than the nonprotein ones. This was
probably due to the high portion of low-MW organics (<3 kDa) in nonprotein
matter, which comprises 18% of M. aeruginosa COM.

3.1. Impact of AOM on the coagulation of other substances

Several studies dealt with the influence of AOM onto the coagulation of particles
present in raw water (Bernhardt et al., 1985, 1986; Henderson et al., 2010; Ma
et al., 2012a, 2012b; Zhang et al., 2012a; Pranowo et al., 2013; Safarikova et al.,
2013; Wang et al,, 2013). Some of them observed a positive influence of high-
MW EOM as well as COM that was released on the coagulation of algae cells
(Henderson et al., 2010; Ma et al., 2012a; Pranowo et al., 2013; Wang et al,,
2013). Wang et al. (2013) found that the preoxidation of M. aeruginosa cells by
low concentrations of KMnO, led to the secretion of high-MW compounds
with MW above 200 kDa. These molecules easily combine with polyaluminum
chloride (coagulant), aiding coagulation and improving the efficiency of algae
removal, presumably through adsorptive bridging. On the other hand, when
higher concentrations of preoxidant were applied, the significant release of
COM accompanied by its degradation into low-MW compounds caused a
reduction in the AOM removal efficiency and a concurrent increase in coagulant
demand (Ma et al., 2012a, 2012b; Wang et al., 2013).

Furthermore, Bernhardt et al. (1985, 1986) and Safarikova et al. (2013) stated
that AOM can serve as a coagulant aid in the coagulation of inorganic particles
such as quartz or kaolin, which are negatively charged over a wide pH range.
Bernhardt et al. (1985) concluded that EOM polysaccharides can attach to the
negatively charged surface of quartz particles by means of hydrogen and cova-
lent bonds already in the raw water before addition of the coagulant. Similarly, a
study by Safarikova et al. (2013) showed that COM peptides/proteins of M. aer-
uginosa attach to kaolin particles, which was the result of electrostatic interac-
tions between the negatively charged kaolin surface and the positively charged
peptide/protein functional groups. This interaction is further discussed in Sec-
tion 3.2. After the addition of the coagulant (Al or Fe), positively charged Al/Fe
hydroxopolymers can interact with both —COO™ groups of peptides/proteins
bound to kaolin particles and also with kaolin particles (Figure 2d). This process
is effective at pH values below neutral, that is 5—6.5 for aluminum and 4—6 for
ferric coagulant (Safarikova et al., 2013). Bernhardt et al. (1985) pointed out that
AOM behaves as a coagulation aid only at low concentrations (<2 mg L'
DOC). However, it seems that achieving effective coagulation is not a matter of
absolute concentration of interacting molecules/particles, but of the ratio of
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charges in the system, and that higher AOM concentrations can be simply com-
pensated by higher coagulant doses (Henderson et al.,, 2010; Ma et al., 2012a;
Pivokonsky et al., 2012; Safarikova et al., 2013).

Moreover, Pivokonsky et al. (2015) showed that the molecular interactions
between COM proteins and humic substances substantially impacted the coagula-
tion process, as these interactions lead to a noticeable decrease in the coagulant
dose and an increase in the coagulation effectiveness when compared with the
coagulation of humic substances alone. The optimum pH for coagulation of a mix-
ture of COM proteins and humic substances by alum did not differ from the opti-
mum pH for single humic substances coagulation and ranged between pH 5.5 and
6.2. The study showed that HPO, dipole—dipole, and electrostatic interactions
present the main mechanisms of proteins and humic substances interactions and
the charge neutralization of proteins/humic substance mixture was detected as the
main coagulation mechanism by Al hydroxopolymers (Pivokonsky et al., 2015).

3.2. AOM as a coagulant

Natural organic compounds, such as mono- and polysaccharides, amino acids,
proteins, nucleic acids, and humic substances, are known to be able to adsorb
on clay surfaces (Goring and Bartholomew, 1952; Greenland, 1956; De and Ras-
togi, 1962; Pinck, 1962; Blanton, 1969; Greaves and Wilson, 1969; Parfit and
Greenland, 1970; Guidi et al., 1977; Labille et al., 2005) by electrostatic interac-
tions and/or hydrogen bonds (Labille et al., 2005). It is therefore perhaps unsur-
prising that Devrimci et al. (2012) were able to demonstrate that calcium
alginate was a successful coagulant for turbid waters containing clay (predomi-
nantly smectite). The coagulation experiments were conducted at pH 7.3 £ 0.1,
at which both clay particles (colloids) and alginate (polymer) bear negative
charge. A positively charged ion (calcium) was, therefore, required for the poly-
mer to approach and bind to the clay surface. This indicates that compounds
contained in AOM are likely to interact with other particles in water and may
even coagulate them.

Bernhardt et al. (1985, 1986) demonstrated that EOM can serve as a
coagulant aid in the coagulation of quartz particles (see Section 3.1), but
they used ferric salt as the main coagulant and did not investigate the ability
of EOM to coagulate quartz particles without any additional coagulant. A
study by Paralkar and Edzwald (1996) showed that EOM from diatom
Cyclotella sp., green algae Scenedesmus quadricauda, and Chlorella vulgaris
can interact with positively charged latex particles (mean diameter 3.98 um
and concentration of 5 x 10> particles mL ") during experiments conducted
at pH 7. It was shown that EOM from Cyclotella sp., which contained the
highest percentage of high-MW material (90% of its EOM was larger than
30 kDa compared to 65% for S. quadricauda and 40% for C. vulgaris),
adsorbed onto latex particles and neutralized its charge at a concentration
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of 0.01 mg L™' DOC. Reductions in the optical density and particles num-
bers were observed after settling. Higher concentrations of EOM from
Cyclotella sp. resulted in charge reversal, as determined by electrophoretic
mobility measurements, and restabilization. The EOM from other algae
showed charge neutralization at concentrations of about 0.1 mg L™' as C
and charge reversal with increasing DOC concentrations, but the particles
were not removable by settling. However, it should be noted that these neu-
tralized EOM-latex particles might be removable by other techniques that
can remove less-heavy particles unsuitable for sedimentation, such as sand
filtration. A study by Safarikova et al. (2013) demonstrated that peptides
and proteins contained in COM of M. aeruginosa can coagulate kaolin par-
ticles in the absence of an additional coagulant. Interestingly, the highest
removal efficiencies of both impurities, that is COM peptides/proteins and
kaolin particles, were accomplished at pH <4.5 as a result of electrostatic
interactions between the negatively charged kaolin surface and positively
charged peptide/protein functional groups (e. g —NH;" and =NH,"). The
removal rates for DOC were about 45%, which was about 15—40% less than
in the experiments in the presence of aluminum or ferric coagulant (see Sec-
tion 3). The turbidity removal rates were quite similar to those in the pres-
ence of aluminum or ferric coagulant, that is about 75—80%. At pH <4.5,
that is at pH values close to or lower than the dissociation constants of pep-
tide/protein carboxyl groups (8-COOH of aspartic acid with pKa = 3.86
and y-COOH of glutamic acid with pKa = 4.25) (Creighton, 1993), the
amount of negative charge of peptides/proteins is reduced by the proton-
ation of —COO™ to —COOH groups. Therefore, the repulsion between pep-
tide/protein molecules occurs to a lesser extent and can be overcome by
attractive forces that lead to coagulation. At higher pH values, the peptides/
proteins attached to the kaolin surface bear more negatively charged
—COQO™ groups, which results in the charge stabilization of kaolin particles
by peptides/proteins. Similar results were obtained by Pivokonsky et al.
(2015), who ascertained that COM proteins of cyanobacterium M. aerugi-
nosa coagulate humic substances in the absence of an additional coagulant
at low pH values (pH <4), where the negative charge of organic molecules
was suppressed. A DOC reduction of 55%, 63%, and 69% was achieved for
initial COM protein/humic substance concentrations of 3/5, 5/5, and 8/
5 mg L™, respectively. The differences in removal rates are because the pro-
teins were again more amenable to coagulation than humic substances.
However, studies on the effect of AOM as a coagulant in a water treatment
context are rare, with the majority of the research focusing on autofloccula-
tion in algal biomass harvesting for biofuel as reviewed by Gonzalez-Fernan-
dez and Ballesteros (2013). Further research is required to determine the
potential for exploiting this mechanism at WTPs.
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3.3. Influence of AOM on floc properties

Floc structural quality plays a significant role in the removal process. One of
the factors that affect the properties of aggregates (size, structure, shape,
density, etc.) formed during coagulation is the type of coagulated particles/
substances. While the effect of inorganic particles and also allochtonous
NOM on the floc properties has been investigated widely (Jarvis et al.,
2005), there is a paucity of studies on the effect of AOM on algal floc prop-
erties. Since AOM contains a certain portion of polymeric substances and
can also behave as polymeric aid during coagulation, it can be presumed
that the influence of AOM on floc properties would be similar to that of
polymers. It is generally accepted that the addition of polymer leads to an
increase in floc size and strength, although it was found that this does not
apply to some types of biological flocs; for example, sewage flocs showed a
decline in floc strength in response to increased shear rate (Lee and Liu,
2001).

The study by Pivokonsky et al. (2009a) showed that the size of the flocs
formed by AOM of cyanobacterium Microcystis aeruginosa and ferric sulfate is
highly dependent on the initial concentration of AOM. The floc size was evalu-
ated by the tests of aggregation after 1 minute of high-intensity mixing (G =
300 s~ ') and 15 minutes of low-intensity mixing (G = 80 s~ '). For initial DOC
concentration of 3 mg L™, micro-aggregates prevailed over a wide range of Fe
doses (0.05—0.20 mmol L™" = 5.6—22.3 mg L"), whereas for initial DOC =
7 mg L', macro-aggregates form the majority (40—60%) of particles. Moreover,
Pivokonsky et al. (2009b) demonstrated that when aluminum sulfate was used as
a coagulant, the portion of macro-aggregates substantially decreased (to
10—40%) at Al doses of 0.02—0.20 mmol L™" (equivalent to 1.1—10.8 mg L™").
This is consistent with the fact that, in general, aluminum coagulants produce
smaller aggregates than ferric ones (Gregory and Yukselen, 2002; Jarvis et al,,
2012; Bubakova et al., 2013).

Overall, research suggests that algal floc properties will be dependent on the
character of the AOM present. For example, Henderson et al. (2006) compared
the growth profiles of flocs formed by kaolin, allochtonous NOM, and cells of
the green alga Chlorella vulgaris harvested at the exponential growth phase
when using aluminum sulfate as a coagulant. Algal flocs were also bigger in the
initial size than the other two types of flocs and on increasing shear rate the floc
size of the algal flocs was altered by the largest proportion; these observations
were attributed to the presence of AOM acting as a polymer flocculant whereby
algal cells and hydroxide precipitate are bridged together by polymeric substan-
ces forming large flocs at low shear. More recent research has shown that differ-
ent floc properties to those for C. vulgaris cells (Henderson et al., 2006) were
observed for M. aeruginosa cells despite their similar morphological appearance
(Gonzalez-Torres et al., 2014), again indicating that AOM, which was known to
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be of very different character, was influential, although the degree to which it
was involved is not clear as different pH values were applied in the two studies
and thus further research is required to be undertaken.

3.4. Formation of complexes between AOM and coagulants

It was found that AOM coagulation can be deteriorated by the formation of dis-
solved complexes between AOM substances and coagulant metals (Bernhardt
et al., 1985; Takaara et al., 2005, 2007, 2010; Pivokonsky et al., 2006, 2009b,
2012; Safarikova et al., 2013). A number of studies demonstrated that algal poly-
saccharides, especially those that are anionic-containing uronic acids, are able to
bind metals (Bernhardt et al., 1985; Kratochvil and Volesky, 1998; Hamdy,
2000; De Philippis et al., 2007). It was shown that carboxyl groups (—COOH) of
uronic acids play a major role in metal complexing. Metal uptake is typically
dependent on the pH values because the binding of metal cations is determined
primarily by the state of dissociation of the carboxyl groups. Sulfonate groups
(—OS0;7) can also contribute, to a lesser extent, to heavy metal binding, partic-
ularly at low pH (Kratochvil and Volesky, 1998). It can be assumed that algal
polysaccharides can bind coagulant metals (Al, Fe) since AI>" was confirmed to
form complexes with alginate (alginic acid), a model compound for polyuronic
acids (Seely and Hart, 1976; Gregor et al., 1996). In addition, Takaara et al.
(2010) suggested that coagulation inhibition can be attributed to the formation
of complexes between anionic lipopolysaccharides bound to the cell surface of
cyanobacterium M. aeruginosa and polyaluminum chloride (PACI) constituents.

Algal peptides and proteins were also found to bind Al and Fe through their
dissociated carboxyl (—COO™) groups, and their metal-complexing capacity
was pH-dependent (Takaara et al., 2005, 2007; Pivokonsky et al., 2006, 2012;
Sano et al., 2011; Safarikova et al., 2013). In the case of peptides and proteins of
M. aeruginosa, their metal-complexing capacity reached a maximum at pH
about 6.8 and 6 for Al and Fe, respectively (Pivokonsky et al., 2012; Safarikova
et al, 2013). By affinity chromatography, Pivokonsky et al. (2012) identified
peptides and proteins of MWs of approximately 1, 2.8, 6, 8, 8.5, 10, and 52 kDa
to be those responsible for metal complexation. On the other hand, Takaara
et al. (2007) isolated proteins of MW between 30 and 70 kDa. This difference
may be due to using different isolation/detection techniques (HPSEC vs. SDS-
PAGE), different elution strategy during affinity chromatography, and also by
difference in strains and cultures of M. aeruginosa.

The formation of coagulant metal—AOM complexes has two consequences.
First, Al— or Fe—AOM complexes do not undergo further hydrolysis and can-
not take part in the coagulation process (Bernhardt et al., 1985; Gyurcsik and
Nagy, 2000; Pivokonsky et al., 2006; Takaara et al., 2007). This feature results in
a rise in coagulant demand. Second, metals bound to the AOM block negatively
charged functional groups present on the organic molecule surface, and in this
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way prevent the molecule from being coagulated through adsorption and charge
neutralization mechanisms. Hence, metal—organic complexes tend to remain in
solution after the coagulation process (Pivokonsky et al., 2006, 2012; Takaara
et al., 2007). Pivokonsky et al. (2012), for example, demonstrated that at pH 6,
1 mg of proteinaceous DOC bound 0.077 mg of dissolved Fe, which was
detected as residual Fe after coagulation.

It can be concluded that the coagulation of algae-derived organics is strongly
dependent on the pH value, with the highest efficiencies at acidic pH values.
Charge neutralization between negatively charged functional groups of AOM
and positively charged coagulant species was reported to be the main coagula-
tion mechanism. The formation of dissolved complexes between AOM and
coagulant may deteriorate coagulation, but can be eliminated by consistent opti-
mization of pH conditions as this feature occurs at quite narrow pH ranges.
Since coagulation has been proved to be remarkably efficient in removing AOM
(Bernhardt et al., 1985; Pivokonsky et al., 2012), especially high-MW organics, it
is an essential pretreatment process for other removal techniques such as mem-
brane separation, adsorption onto AC, and reverse osmosis (RO) in AOM-con-
taining waters (Edzwald and Haarhoff, 2011; Myat et al., 2012). Moreover, the
coagulation process offers advantages of low operating cost and relatively simple
operation. Further research is required into the flocculating properties of AOM.

4. Impact of AOM on membrane separation

Membrane processes are now used internationally for water supply from fresh-
water, brackish water, and seawater (Nicolaisen, 2003) and also in recycled water
systems (Wintgens et al., 2005). These water sources can all be subject to algal
blooms; for example, algal blooms have been observed to disrupt desalination
plants that use RO processes (Caron et al., 2010; Edzwald and Haarhoff, 2011)
and have also been observed in waste stabilization ponds that supply water to
recycled water plants that use membranes (Nguyen et al., 2014). Hence, research
investigating the use of MF, ultrafiltration (UF), and nano-filtration (NF) for the
treatment of water containing algae or cyanobacteria and therefore AOM has
increased (Liang et al., 2008; Zhang et al., 2012b; Zhou et al., 2014b). This, com-
bined with the interest in the use of membranes for algae harvesting for biofuel
generation, has led to a number of recent publications in the area of membrane
separation of algae and cyanobacteria. It is well understood that the major mem-
brane operational issue experienced during algal blooms due to the presence of
AOM is not related to water quality as such, as other water treatment processes
such as powdered activated carbon (PAC) application are used for toxin and
taste and odor treatment, but rather that of severe membrane fouling, with
numerous studies confirming that transmembrane pressure increases, or flux
significantly declines(Pongpairoj et al., 2011). However, understanding of the
underlying, highly complex mechanisms by which AOM causes fouling is more
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contentious. This is in part because fouling is caused by both free, dissolved
AOM present in the system and by living cells. On attachment to the membrane
surface, these living cells then produce additional AOM, which further accumu-
lates on the surface (Babel et al., 2002; Liang et al., 2008).

4.1. Relationship between AOM character and membrane fouling

One of the first major studies to investigate the impact of AOM (combined
EOM and COM) concentration and character on membrane fouling was that by
Her et al. (2004) who compared the fouling propensity of AOM relative to
Suwannee River humic acid (SRHA). When the proportion of AOM relative to
SRHA increased, a higher flux decline was observed. Specifically, it was deter-
mined that poor rejection and fouling were caused by fractions with greater HPI
character, more neutral charge, and low SUVA. Specifically, protein- and poly-
saccharide-like substances, respectively, were found to be linked to the initial
stages of fouling, which has been subsequently confirmed across a range of spe-
cies (Chiou et al., 2010; Zhang et al., 2010a; Qu et al., 2012a; Villacorte et al,,
2013). For example, Chiou et al. (2010) suggested that the proportion of polysac-
charides in AOM influenced the relative fouling rate between different species
with decreasing fouling rates observed by species as: Microcystis sp. >C. vulgaris
> Chotadella sp. Similar observations have also been made with EfOM; for
example, Jarusutthirak et al. (2002) observed that polysaccharides from EfOM
were a major contributor to fouling, which is consistent with the observation
that AOM is similar in character to EfOM. In addition, this is consistent with
work on transparent exopolymer particles (TEPs), which have been shown to
spread across a membrane surface relatively evenly, eventually blocking pores or
forming a cake/gel layer with high hydraulic resistance (Discart et al., 2013). It is
of note that most studies have dealt with EOM, as opposed to COM, the latter
comprising a higher proportion of peptides and proteins and this remains a gap
in the knowledge (Section 2), particularly given recent research that demon-
strates that protein—polysaccharide interactions to form biopolymer clusters
can significantly influence membrane fouling (Neemann et al., 2013), and needs
turther investigation.

A number of studies have been undertaken to further characterize these fou-
lants by fractionation of the EOM using either XAD® resin to indicate hydro-
phobicity: HPO, TPI, CHPI, or NHPI (as discussed in Section 2) or size
fractionation. Two popular methods in this regard include: (A) direct membrane
filtration of the resin fractionated sample and examination of the associated flux
decline (Zhou et al., 2014b); or (B) recovery and fractionation of the foulant
layers that have been retrieved via rinsing, backwashing, or chemical cleaning
(Zhang et al.,, 2013b). Given the multitude of parameters that can be varied,
large variations can be observed when attempting to relate fouling to hydropho-
bicity using XAD-resin fractionation (Table 1); however, while all fractions have
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been observed to contribute to an extent to membrane fouling, broadly, it is the
HPI fraction, and in particular the NHPI fraction, that was typically observed to
be the major foulant (Qu et al., 2012b; Zhang et al., 2013a, 2013b). For example,
Zhou et al. (2014b) reported a decrease in flux to 50% and 40% for an HPO
and HPI membrane, respectively, when filtering 50 mL of 4.5 mg L™" of NHPI
fraction of AOM. While filtering a similar concentrated volume of the HPO
fraction, a very similar flux profile was observed for the HPO membrane,
whereas the flux of the HPI membrane remained relatively stable. Consistent
observations between the different studies suggest that TPI does not play a
major role in fouling, congruent with its representing a relatively small portion
of the EOM (Section 2).

Major foulants have also been determined to be very large molecules, such as
biopolymers; for example, Qu et al. (2012b) determined (using Method A) that
specific total and irreversible fouling of 0.45 um filtered EOM was approxi-
mately 80% and 15%, respectively, which decreased to 20% and less than 5% on
filtration through a 100 kDa membrane. Similarly, using Method B, Zhang et al.
(2013b) showed that the reversible foulant layer comprised a large proportion
(>90%) of biopolymers >>20,000 Da, which were not observed in the irrevers-
ible foulant layer that was dominated by a combination of high-MW substances
(~1000 Da) and substances of 500 Da or less. Another study showed for a sus-
pension of Chlamydomonas that the material with the highest fouling potential
was able to pass through a 5 um MF filter, but was then retained by a 0.22 um
membrane (Rickman et al., 2012).

The various studies reviewed have led to a number of fouling mechanisms
being proposed for both reversible and irreversible fouling of AOM, including:
(1) cake layer formation and pore plugging by HPI organics contributing to
reversible fouling, with the adhesion of HPO organics onto the membrane and
the cake layer causing irreversible fouling (Qu et al., 2012b); (2) reversible
fouling caused by very high-MW substances (>>20,000 Da), considered to be
proteins and polysaccharides, with irreversible fouling caused by mostly high
(1000 Da) and low (<350 Da) MW HPI AOM restricting the pores via adsorp-
tive fouling (Zhang et al., 2013b); (3) polysaccharides attaching to the mem-
brane via intermolecular bridges leading to the formation of a cake-gel layer
(Zhang et al., 2013b); and (4) deposition of smaller colloidal species rather
than cake-layer formation (Rickman et al., 2012). Such suggestions and their
diversity are analogous to earlier developments concerning the mechanisms of
fouling in a membrane bioreactor that consider wastewater bacterial exudates,
termed extracellular polymeric substances (EPS) and soluble microbial prod-
ucts (SMPs) (Drews, 2010). A major review undertaken by Le-Clech et al.
(2006) identified four key fouling mechanisms, all of which AOM will be
involved with: cake filtration, the buildup of a layer of particles larger than
membrane pore size; complete pore blocking, where pores are blocked by par-
ticles; intermediate blocking, pore blockage with superimposition of additional
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particles, considered to be a long-term process; and direct adsorption of small
particles and colloids onto the pore walls, thus reducing the overall pore size.
The exact balance of each mechanism will depend on the concentration and
character of the AOM and this remains an area for the future development of
understanding.

4.2. Impact of cell growth conditions and associated water quality on fouling
by AOM

While the debate surrounding the fundamental mechanisms of fouling caused
by membrane filtration of EOM ensues, research is also being undertaken at a
more practical level to investigate the relationships between growth conditions
and water quality and membrane fouling by EOM. Babel et al. (2002) investi-
gated the impact of temperature and radiation on membrane resistance when fil-
tering Chlorella vulgaris. At optimal growth temperatures of between 28 and
35°C, specific cake resistance was reported at a minimum at approximately
2 x 10" m g~ ' for fresh culture as cells deposited on the membrane were iso-
lated and void spaces were present; however, for temperature ranges outside the
optimal range or high solar radiation, higher specific cake resistances of up to
around 1 x 10" m g~ ' were observed, attributed to a layer of mucilaginous,
cell-bound EOM that minimized the presence of void spaces. Control of nutrient
conditions can also impact membrane fouling; for example, Huang et al. (2012)
found that membrane fouling caused by EOM extracted from M. aeruginosa
cells grown under various nutrient conditions decreased in the following order:
IN:10P > IN:2P > IN:1P > 2N:1P, with 1N:10P generated EOM rich in neutral
HPIs. Further research is required in this area to more clearly elucidate the rela-
tionship between growth conditions and EOM production such that it can be
linked more conclusively to membrane fouling. However, these initial studies
indicate that it is not only algal species and growth phase that need to be closely
controlled when extracting EOM for characterization and testing, but also tem-
perature, radiation, and nutrient concentration.

In addition to nutrient availability, the presence of divalent calcium and mag-
nesium ions have also been shown to exacerbate the resultant fouling potential
of EOM and algae (Zou et al,, 2011, 2014b), not by impacting the production of
EOM by algae as with nutrients, but by complexing with carboxylate groups in
the EOM after production to form large gel complexes with a high fouling
potential, according to the “egg-box” model (Katsoufidou et al., 2007; Ahn et al.,
2008). For example, flux further decreased from 50% to 60% on addition of
10 mM of Ca>* in UF tests of EOM extracted from M. aeruginosa (Zhou et al.,
2014b), which is in accordance with observations by Zou et al. (2011) on filtra-
tion of Chlorella sorokiana in the presence of Mg”". On the other hand, no influ-
ence of the Ca®* ion was observed by Lee et al. (2006a), although they suggest
that this might be due to the focus of previous studies on high-pressure
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membranes while their study investigated low-pressure systems, while Zhang
et al. (2013a) in fact observed a reduced flux decline from approx. 70% to 55%
when adding 2.5 mM Ca®", attributed to the formation of a more porous “pre-
layer.” Another important water-quality parameter is that of pH. Zhou et al.
(2014b) observed only minor changes in flux decline when examining EOM
fouling from M. aeruginosa at three pH values: 5.0, 7.2, and 9.5; however, irre-
versible fouling was increased at pH 5 with a specific fouling of 0.15 compared
with 0.05 at pH 9.5, attributed to a weakening in electrostatic repulsion.

Finally, the presence of NOM other than that produced by algae should be
considered. Only a few research studies have been undertaken to examine the
interactions between allochtonous (terrestrially derived) OM and autochtonous
(produced in situ, i.e. of microbial origin) OM and how these may impact mem-
brane fouling. Lee et al. (2006a) compared fouling by COM extracted from a
eutrophic lake compared with allochtonous HPO fractions for four different
membrane types. For the HPI UF membrane, flux decline was similar at
12—13%, whereas for the HPI MF membrane, COM flux decline was 55% com-
pared with 18% for HPO. In another study, similar flux decline of around 30%
was also observed for an OM sample extracted from a reservoir and an M. aeru-
ginosa sample (note this sample comprised cells and EOM) (Kwon et al., 2005)
when filtered independently. Interestingly, the flux decline increased signifi-
cantly by 70% when the NOM and M. aeruginosa were introduced to the mem-
brane simultaneously. Myat et al. (2012) showed via molecular dynamic
simulations that interactions in an alginate—humic system were instigated by
Ca’* bridging. These studies suggest that interactions between terrestrial NOM
and AOM could form a more aggressive foulant, particularly in the presence of
divalent cations, but further research would be required in this regard.

4.3. Amelioration of membrane fouling by AOM

Mitigation of the impact of membrane fouling is critical if membrane separation
processes are to be used during algal blooms. This is typically achieved through
(a) pretreatment to remove AOM foulants prior to membrane filtration, (b)
optimizing membrane operation, and/or (c) optimizing membrane cleaning
procedures. Pretreatment measures to remove AOM prior to membrane filtra-
tion include coagulation, either alone or with separation (Babel and Takizawa,
2011; Goh et al., 2011) (Section 3), ozonation (Hung and Liu, 2006; Babel and
Takizawa, 2011), adsorption (Zhang et al., 2011b) (Section 5) and ion-exchange
(Liu et al., 2011a), and potentially combinations of these, resulting in a decreased
concentration of AOM introduced to the membrane, and therefore reduced
overall fouling potential. For example, on coagulation using alum coagulant
prior to membrane filtration of a recycled water sample spiked with M. aerugi-
nosa, the flux profile was improved and the permeate volume increased from
400 mL with no coagulant to over 1.5 L with a dose of 5 mg Al L™". Similarly,
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Babel and Takizawa (2011) observed a 70% reduction in cake resistance for
Chlorella sp. after coagulation whereas Zhang et al. (2014) observed normalized
flux improving from 0.35 to 0.7 with 5 mg Al L~' when using alum (at pH 8)
and to 0.85 with 5 mg Al L~' when using aluminum chlorohydrate and also
10 mg Fe L™ as both ferric chloride and ferric sulfate. Furthermore, the irrevers-
ible fouling significantly decreased at optimized coagulant doses (Goh et al.,
2011; Zhang et al.,, 2014); for example, Zhang et al. (2014) observed a decrease
in irreversible fouling resistance from 1 x 10> m™' to approx. 2 x 10"' m™'
after coagulation. However, when Goh et al. (2011) removed coagulated flocs
through a 1.5 um membrane, there was a low flux recovery as the flocs provided
a protective cake layer that filtered out residual, low-MW organics that would
otherwise adsorb at the surface of the membrane via direct adsorption processes
causing internal fouling. Interestingly, Zhang et al. (2014) further determined
that the noncoagulated and coagulated AOM were best modeled by the cake fil-
tration and intermediate blocking models, respectively, as previously described,
suggesting to be a result of removing high-MW AOM during coagulation.

Use of preozonation prior to UF treatment of Chlorella showed an increase in
total membrane resistance for contact times of 3—10 minutes from approx.
13 x 10" m™' to 1.7 x 10" m™" after 3 hours of filtration (Hung and Liu,
2006). A subsequent decrease to 1.45 x 10'"' m™~' was observed on increasing
the contact time to 30 minutes. Interestingly, while total resistance was
increased, resistance associated with the cake layer actually decreased, a phe-
nomenon also observed by Babel and Takizawa (2011), attributed to the removal
of EOM from the cell surface and reduced biomass load. The concurrent
increase in fouling resistance was attributed to the adsorption of the released
polysaccharides. It may also be a result of the release of COM on cell lysis as
described by Plummer and Edzwald (2001) and Henderson et al. (2008a). No
studies have investigated the impact of preozonation on AOM without cells.
PAC addition was observed to reduce the severity of fouling by M. aeruginosa in
a hybrid submerged UF system over a two-week period, whereby the resultant
transmembrane pressure was decreased from approx. 45 kPa to 30 kPa, thereby
enabling approximately 10% DOC removal and 40% microcystin-LR removal
(Zhang et al., 2011b); however, it had no impact on the rejection of high-MW,
HPI AOM. PAC dosing is discussed in more detail in Section 5. Magnetic ion-
exchange (MIEX®) resin has been investigated as a pretreatment to coagulation
where it was shown to remove both low- and high-MW, anionic OM, amount-
ing to between about 25 and 60% of OM without coagulation and 60—80%
removal when combined with coagulation (Mergen et al, 2008; Liu et al.,
2011a). The degree of OM removal depends on effective coagulation optimiza-
tion and AOM character. Liu et al. (2011b) evaluated the impact of including
MIEX treatment on membrane fouling by AOM, determining that a reduction
in fouling rate was the result of the removal of high-MW, HPO AOM. Although
few studies have investigated combinations of pretreatment methods for



22 (&) M.PIVOKONSKY ET AL,

membranes subject to AOM fouling, the outcomes of the reviewed studies sug-
gest that PAC and/or MIEX treatment in combination with coagulation may
extend the range of organic molecules targeted. Treatment processes such as
PAC and MIEX are, however, expensive and economic assessments would have
to be conducted regarding the overall effectiveness of one over another in com-
bination with coagulation and this remains a knowledge gap.

Another strategy to control fouling is the careful operation of the mem-
brane separation process. It is important to avoid shear prior to membrane
filtration, for example, by pumping, to reduce stress on the algae (Ladner
et al,, 2010). Selection of membrane type should also be considered. Studies
are in agreement that HPO membranes are more susceptible to fouling by
AOM, including faster flux decline and more adsorptive and irreversible
fouling than HPI membranes (Sun et al., 2013; Qu et al., 2014). Zhou et al.
(2014b) found little difference with respect to flux decline between HPO
and HPI membranes, but observed that irreversible fouling was slightly
greater for the HPO membrane as previously discussed. Babel and Takizawa
(2010) tested two HPI membranes with different protein-binding capacities,
including polyvinylidene difluoride (PVDF) with a protein-binding capacity
of only 4 ;g cm™?, and found no difference in fouling. Flux and crossflow
velocity can also be carefully controlled to mitigate fouling when employing
cross-flow membrane systems (Pongpairoj et al., 2011; Wicaksana et al.,
2012). For example, it was noted that higher crossflow velocity resulted in
less deposition of Chlorella sorokiniana cells on the membrane surface
(Pongpairoj et al., 2011). As flux increased, greater amounts of polysacchar-
ides penetrated the membrane; however, after reaching a maximum, at
greater fluxes polysaccharide in the permeate decreased, possibly due to
fouling in the membrane pores by the AOM (Pongpairoj et al., 2011). Use
of novel membrane systems including vibrating membranes (Bilad et al.,
2013) has also been examined with promising results, but further investiga-
tions are required in this regard.

Irrespective of which of the previous mitigation strategies are applied, a
degree of fouling will occur and cleaning methods will need to be applied to
ensure membrane longevity. In one study of S. quadricauda, the flux declines of
the supernatant (AOM), algae suspension, and algae in deionized water was
compared and found to be approx. 5%, 70% and 70%, respectively (Zhang et al.,
2010a). Although only a small amount of fouling was observed for the AOM,
this fouling was irreversible. It was determined that the fouled membrane could
be cleaned with NaClO. Similarly, Liang et al. (2008) determined that while
hydraulic cleaning could achieve 50—80% flux recovery for raw water containing
710—1100 x 10* cells L' of Microcystis and Chlorella, NaOCl provided more
effective chemical cleaning than NaOH or citric acid. Furthermore, it was
observed that combining NaOH and NaOCl was the best chemical cleaning
strategy.
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5. Adsorption of AOM onto AC

The adsorption process using AC, usually in the form of granular (GAC) or
PAC, is frequently integrated in the drinking water treatment chain for remov-
ing undesirable organic impurities of both natural and anthropogenic origin
(Moreno-Castilla, 2004; Delgado et al., 2012). Most adsorption studies dealing
with the removal of NOM focused on humic and fulvic material (Matilainen
et al,, 2006; Kristiana et al., 2011; Velten et al., 2011; Matsui et al., 2012; Gibert
et al., 2013) or generally on dissolved organic matter (DOM) passing through a
0.45 pm filter (Schreiber et al., 2005; Gur-Reznik et al., 2008; Wei et al., 2008).
Only a limited number of studies have addressed the specific adsorption of
AOM although both groups of these compounds, humic matter and AOM, are
together classified as NOM (Table 2).

AC is often used in combination with other treatment techniques. The study
of Zhang et al. (2011b) evaluated the effect of PAC addition on an immersed UF
of algal-rich waters. The UF membrane alone could achieve an absolute removal
of M. aeruginosa cells, but it was less effective for the removal of AOM. The
addition of PAC alleviated the development of transmembrane pressure and
enhanced the removal of AOM (DOC by 10.9 £ 1.7%) and microcystins (by
40.8 £ 4.2%). However, PAC had little effect on the rejection of proteins and
carbohydrates, indicating that PAC could not effectively adsorb the HPI high-
MW AOM. Comparable results were obtained in the study of Campinas and
Rosa (2010) on the removal of different types of NOM by the PAC/UF system.
PAC enhanced the rejection of AOM (consisting of EOM and COM) of M. aeru-
ginosa from 35 to 55%, which was similar to the rejection of tannic and humic
acid, but had no significant effect on the rejection of EOM. This may be
explained by the different composition of AOM versus EOM and by the higher
salt contents in EOM solutions. Moreover, PAC controlled the irreversible
membrane fouling, minimizing the chemical cleaning frequency. Dixon et al.
(2011) investigated the removal of cyanobacterial cells, toxins, and other AOM
during blooms of Anabaena circinalis and Microcystis flos-aquae by coagula-
tion-PAC-UF system. They showed that, in the case of Anabaena circinalis
bloom, coagulation and coagulation-PAC increased the removal rates of AOM
from 35 to 69 and 71%, respectively, compared to UF alone. Coagulation and
coagulation-PAC also significantly reduced flux decline and improved toxin
removal. On the other hand, removal rates for DOC in the case of Microcystis
flos-aquae bloom were about 65% with or even without the addition of coagu-
lant and PAC. This might be due to the formation of a denser cake layer by M.
flos-aquae cells on the UF surface enhancing AOM removal and higher water
turbidity. However, coagulation and coagulation-PAC substantially improved
flux again.

A technology that combines coagulation and PAC adsorption with micro-
filtration (MF) membrane is already being employed in some experimental
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plants (Matsuchita et al., 2008) for the removal of cyanobacteria Anabaena
planktonica, Anabaena smithii, and Anabaena spp. and associated odor
compound geosmin. This system can simultaneously and effectively remove
both intracellular and extracellular geosmin and the cyanobacteria cells
from the water.

A number of studies focused on the adsorption of cyanobacterial toxins, espe-
cially microcystins and saxitoxins (Pendleton et al., 2001; Huang et al., 2007b;
Campinas and Rosa, 2010; Dixon et al., 2011; Ho et al.,, 2011). Although these
pollutants are not targeted in this review, the results evaluating their adsorption
could be useful for further research on AOM.

5.1. Character of adsorbed AOM

Investigations into the properties of adsorbed AOM are rare and focus mostly
on the MW of adsorbed compounds. As mentioned in the previous section,
Zhang et al. (2011b) found that the addition of PAC to UF reactor had negligible
effect on the removal of high-MW carbohydrates and proteins contained in
AOM of M. aeruginosa, but significantly improved the removal of lower-MW
microcystins (MW about 1 kDa). The study by Kopecka et al. (2014) focused on
the adsorption of COM peptides of M. aeruginosa with MW <10 kDa, which
were previously found to be hardly removable by coagulation (Pivokonsky et al.,
2012; Safarikova et al., 2013). Peptides with lower MW of 1.0—4.5 kDa were
adsorbed more effectively than those with higher MWs of 8.3 and 9.5 kDa. This
is likely to be given by the relatively microporous character of the used GACs as
compounds are preferentially adsorbed into pores of similar size. Similarly, Hna-
tukova et al. (2011) who also used COM peptides of M. aeruginosa with MW
<10 kDa in their experiments showed that low-MW peptides of 700—1700 Da
were adsorbed preferentially. Furthermore, these low-MW peptides were identi-
fied as the most relevant components in the restriction of GAC adsorption
capacity for herbicides alachlor and terbuthylazine of MW 269.8 and 229.7 Da,
respectively. This is in accordance with studies on NOM, which showed that
low-MW NOM fractions are adsorbed substantially more than higher-MW
ones, compete with organic pollutants for the active sites on the AC, and may
consequently inhibit the adsorption of these pollutants (Zhang et al., 2011a;
Newcombe et al., 1997). The study by Dixon et al. (2011) showed that during
Anabaena circinalis bloom, coagulation in combination with PAC adsorption
and UF removed a greater amount of compounds in the region between 1500
and 3000 Da than the UF membrane alone.

It can be concluded that MW is one of the most important factors that influences
the adsorption of AOM. High-MW HPI AOM compounds are apparently difficult to
remove by adsorption onto AC. However, these substances may be effectively removed
by coagulation pretreatment, as described in Section 3. Moreover, AOM adsorption is
also strongly influenced by the functional groups (their polarity, degree of ionization)
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of AOM substances as was found out by studies that focused on adsorption factors and
are discussed in the following section.

5.2. Adsorption factors and mechanisms

Adsorption onto AC is a complex process resulting from a contribution of solu-
tion properties (pH, ionic strength, chemical composition), and both AC (pore
size distribution, surface chemistry) and adsorbate characteristics (MW, confor-
mation, functional groups, solubility) (Moreno-Castilla, 2004; Newcombe,
2006). Zhang et al. (2011a) found that the GAC adsorption capacities for two
algal odorants, dimethyl trisulfide and S-cyclocitral, were related to the micro-
pore volume rather than to the GAC surface charge. Considering the very low
solubility of dimethyl trisulfide and S-cyclocitral and the weak solute—solvent
interactions, the authors attributed the relatively high adsorption capacities
(dozens of mg g~ ) to the irreversible chemisorption on the GAC, rather than to
the formation of the adsorption multilayer. The dimethyl trisulfide adsorption
was identical at pH 2—10 and slightly increased at pH >10, while the capacity
for B-cyclocitral was unchanging at pH 2—13. This relative independence of pH
can be due to the existence of these compounds in the form of neutral molecules
in a wide pH range.

On the other hand, Hnatukova et al. (2011) and Kopecka et al. (2014)
observed a significant effect of pH on the adsorption of COM peptides of M. aer-
uginosa. Their adsorption on different types of GACs was noticeably higher at
pH 5 than at pH 8.5. High adsorption capacity at pH 5 was explained by the for-
mation of hydrogen bonds between protonated functional groups of the peptides
and protonated surface groups of GACs and/or by electrostatic attraction
between oppositely charged surfaces of GACs and peptide functional groups
depending on points of zero charge of different GACs. At pH 8.5, where both
peptides and all GACs were negatively charged, the repulsive electrostatic forces
between them reduced the adsorption. Furthermore, the study by Kopecka et al.
(2014) found that ionic strength is another key factor that controls the adsorp-
tion of COM peptides. Increase in ionic strength was shown to screen both the
electrostatic repulsive and attractive forces in the system and to consequently
change the adsorption regime.

It is difficult to conclude from such a low number of adsorption studies con-
ducted on AOM. Nevertheless, the adsorption mechanisms seem to be influ-
enced by the MW, degree of ionization (surface charge), content of polar
functional groups, and solubility of AOM substances as well as surface charac-
teristics of ACs.

6. AOM and DBP formation potential

Disinfectants, or oxidants, are used extensively in water treatment as a final pro-
cess prior to the distribution of treated water to supply. The extent to which
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disinfectants are applied can increase during algal blooms for two reasons: (1)
preoxidation can be implemented for algal cell inactivation (Coral et al., 2013;
Xie et al., 2013) and (2) increased disinfectant dose due to increased DOC con-
tent (Henderson et al., 2008a). The first scenario is not normally significantly
impacted by AOM per se, but can result in additional AOM content being
released to the system causing problems downstream (Coral et al., 2013). In
addition to the impacts discussed in the previous sections, it is well-understood
that oxidants, or disinfectants, can react with OM present in the system to pro-
duce potentially harmful DBPs, which is equally true for AOM. However, the
types of DBPs that are formed will be driven to an extent by the molecular struc-
ture of the AOM, which differs quite significantly from that of allochtonous OM,
as discussed in Section 2. This section will examine AOM (EOM and COM) as a
precursor material for DBPs in chlor(am)ination processes.

6.1. AOM as a DBP precursor

6.1.1. Carbonaceous disinfection by products (C-DBPs)

Research on reactivity of AOM during disinfection has focused on carbonaceous
DBP (C-DBPs) formation, in particular, the formation of trihalomethanes
(THMs) and haloacetic acids (HAAs) on the chlorination of EOM (and COM
where stated) extracted from various species of cyanobacteria, green algae, and
diatoms during either the exponential or stationary phases of growth (Table 3).
From examination of Table 3, it is apparent that the specific C-DBP formation
potential is not dependent on the phase of growth; for example, Nguyen et al.
(2005) examined change in specific THM and HAA formation potential at
numerous time points over the exponential and stationary phase of growth and
found no significant difference, and hence reported only the average specific
DBP. This suggests that while overall DOC concentration changes with the
growth phase, the reactivity remains similar. On comparing the specific C-DBP
reactivity obtained at different growth phases in other studies (Table 3), this out-
come by Nguyen et al. (2005) appears to be supported more broadly. Rather, it
appears that it is the length of disinfection time that impacts C-DBP formation
rather than the growth phase or species. To illustrate, over a 3-day chlorination
period, specific total THM reactivity for cyanobacteria and green algae species
similarly varied in the range 12—17 g mg ' as C (Fang et al., 2010; Yang et al,,
2011) and 13—18 ug mg ' as C (Yang et al., 2011), respectively, irrespective of
the growth phase, increasing to 26—32 ug mg ' as C (Nguyen et al,, 2005;
Huang et al., 2009; Li et al,, 2012) and 15—63 g mg~' as C, respectively, for a
disinfection period of 7 days. Specific total HAA reactivity has only been investi-
gated with a 3-day disinfection time in one study, where it was determined to be
11 ug mg~ " as C for M. aeruginosa (Fang et al., 2010); at 7 days, this is again sig-
nificantly increased to 48—66 g mg ' as C for cyanobacteria (Huang et al.,
2009; Li et al., 2012) and 54—62 g mg~ ' as C for green algae (Nguyen et al,,
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2005). No study was found that examined diatom AOM reactivity at 3 days dis-
infection time; for 4—7 days disinfection time, specific total THM and HAA
reactivity was in the range 15—48 ug mg~ ' as C and 27—43 ug mg ' as C,
respectively (Plummer and Edzwald, 2001; Nguyen et al., 2005; Hong et al.,
2008). Overall, cyanobacteria and green algae formed more HAAs than THMs
for a given DOC concentration. Interestingly, the presence of bromide in source
water has been shown to enhance THM formation, such that THM and HAA
formation become approximately equivalent (Huang et al., 2009). For diatoms,
total THM and HAA formation was equivalent in the absence of bromide
(Table 3). Only a couple of studies investigating AOM as a DBP precursor have
investigated COM (Fang et al., 2010; Li et al., 2012). As for EOM, THM forma-
tion was lower than that of HAA and the specific reactivity was similar; for
example, for a 7-day disinfection time, specific THM reactivity was
21 ug mg C~ ' whereas specific HAA reactivity was 68 ;g mg ' as C. Fang et al.
(2010) also investigated the haloalkenes (dichloro- and trichloro-propanone)
and chloral hydrate finding trace levels of reactivity of 0.54 ug mg™" as C and
7 g mg " as C, respectively.

Guideline values for THMs and HA As range globally. As an example, the US
Environment Protection Agency drinking water standards for THMs and HAAs
are 80 ug L' and 60 ug L™, respectively (USEPA, 2006). If an AOM concen-
tration of 5 mg L7! is assumed, values from Table 3 indicate that AOM could
produce THMs and HAAs in an approximate range of 50—315 ug L™' and
135—275 g L™ and thus should be considered a serious contributor to C-
DBPs during an algal bloom. Despite this, AOM has been found to have a lower
specific C-DBP reactivity on chlorination than allochtonous NOM. For example,
Fang et al. (2010) found that the specific THM reactivity of Suwanee River NOM
was 72 ug mg " as C at a 3-day reaction time, approximately four times that of
AOM. Similarly, Reckhow et al. (1990), reported HAA reactivity (DCAA and
TCAA) for humic acid of 113 ug mg ™" as C after 3 days of chlorination; inter-
estingly, fulvic acid was more similar to AOM in this respect with specific HAA
reactivity of 65 ug mg~' as C. However, while C-DBP formation is more likely
to be governed by NOM concentration in source water, there are concerns that
the presence of AOM may lead to the formation of more harmful nitrogenous-
DBPs (N-DBPs) (Krasner et al., 2008).

6.1.2. Nitrogenous DBP formation

While N-DBPs including nitrosamines, haloacetonitriles (HANs), halonitrome-
thanes (HNMs), haloacetamides (HAcAms), and cyanogen halides (CNX) are
generally much lower in concentration than their C-DBP counterparts, they are
of particular concern due to their increased cyto- and geno-toxicity (Muellner
et al, 2007). Dissolved organic nitrogen (DON) concentration has been
observed to increase from 186 g N L™" to 290 g N L' during algal blooms
and even up to 1 mg L™ (Pocernich and Litke, 1997; Westerhoff and Mash,
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2002; Lee et al., 2006b; Dotson et al., 2009). With DON a key precursor for N-
DBPs, the expectation is therefore that algal-impacted water will have a higher
potential for the formation of N-DBPs (Lee et al., 2007; Krasner et al., 2008).
Using Table 4 and assuming a concentration of 0.5 mg L™ as N, approximate
concentrations of 0.01 ug L', 2.4 ug L7',0.08 ug L™", and 0.2 ug L™" could be
expected for nitrosamines, HANs, HNMs, and CNClI, respectively. This is com-
parable with the literature where a US drinking WTP survey detected a shift in
median concentrations of HANs, HNMs, and CNX from 3 to 4 ug L™', 0.3 to
0.5 ug L' and 2.2—2.6 ug L™" when algae (or wastewater) was present (Lee
et al., 2006b).

Researchers have therefore initiated studies investigating the N-DBP forma-
tion potential of EOM and COM on chlor(am)ination; however, limited studies
have been conducted to date (Table 4). Li et al. (2012) observed that the forma-
tion potential of nitrosodimethylamine (NDMA) of EOM was roughly double
that of COM, whereas in the study by Fang et al. (2010) the type of N-DBP
influenced whether more was in EOM or COM. The latter study also observed
that while HAN formation decreased on switching from chlorination to chlora-
mination, the specific HNM and CNCI formation potentials increased. Both
studies measured the DOC/DON ratio as being in the order of around 4.5,
approximately 4—20 times less than that found in surface water not impacted by
algae and allochtonous NOM (18—-90), respectively (Westerhoff and Mash,
2002; Nguyen et al., 2005; Lee et al., 2006b; Fang et al., 2010). Fang et al. (2010)
also performed N-DBP formation potential analyses for NOM, finding that in
general N-DBP formation was less than for EOM and COM on chlorination
(Table 4). On chloramination, however, NOM reactivity was either greater than
or equal to that of EOM and COM (Fang et al.,, 2010). Further research is
required to establish a similar understanding of N-DBP formation potential to
that which has been achieved for C-DBPs.

6.2. Relating AOM character to DBP formation potential

The reactivity of AOM to form DBPs has been investigated according to hydro-
phobicity, MW, and also according to structural classes including proteins, lip-
ids, and fatty acids (FAs). For example, Zhou et al. (2014a) examined the
reactivity of EOM and COM HPO, TPI, and HPI fractions extracted from M.
aeruginosa in the late exponential growth phase. It was found that the DOC/
DON ratio was increased for COM fractions, and that within the HPO and TPI
DOC/DON ratio was similar for EOM and COM (5.3 and 7.0, respectively). The
HPI DOC/DON ratio was decreased relative to HPO and TPI at 2.4 and 5.0 for
EOM and COM, respectively. Generally, reactivity for THMs, HANs, and halo-
ketones (HKs) was of the order HPO > TPI > HPI, except in the case of COM
for HAN and HKs where HPI exhibited the highest concentration. Nguyen et al.
(2005) identified that the HPO acid fraction isolated from green algae extracted



CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY 33

EOM was a heterogeneous mixture of aliphatic and aromatic compounds with a
SUVA of 2.3 mg™' m™" L. In this case, only THM and HAAs were measured on
chlorination and it was found that only trichloromethane (TCM) was produced
(68 ug mg~" as C) and that this was at greater concentrations than that formed
by the bulk EOM (Table 3), again suggesting a high potential for THM forma-
tion from highly reactive compounds present in the HPO fraction.

Lui et al. (2012) performed MW fractionation of Chlamydomonas sp. COM
to give solutions of: <3 kDa, 3—10 kDa, and >100 kDa. It was found that after
a 5-day chlorination experiment, the high-MW fraction was more reactive with
respect to THM and HAA formation (TCM: 27 ug mg ' as C; TCAA:
51.7 ng mg~ ' as C); however, the medium-MW fraction formed more HANs
and HKs. The low-MW fraction was the least reactive. The high-MW fraction
was characterized with a high SUVA (4.52 mg™' m™" L), similar to NOM. This
study also examined the DBP formation potentials for algal proteins in the same
size ranges and, interestingly, found that high-MW algal proteins had the lowest
THM formation potential and that in fact it was medium-range algal proteins,
with a SUVA value of 0.48 mg™' m™" L, that were most reactive (7.43 g mg ™"
as C). In a separate study, the same authors further fractioned extracted algal
proteins to isolate HPO and HPI proteins (Lui et al., 2011). It was determined
that HPI proteins had a specific THM reactivity of 85 ug mg~' as C, much
greater than HPO proteins, which only formed 2.45 ug mg™"' as C, whilst HPO
proteins were found to be more likely to form HAAs. Another study investigated
FAs and proteins extracted from COM of a diatom, Navicula pelliculosa, as pre-
cursors of DBPs after similar 5-day chlorination experiments (Liang et al.,
2012). Purchased FAs standards were found to produce up to 7.6 ug mg~ " as C,
2.0 ng mg ' as C, and 8.7 ug mg ' as C of TCM, DCAA, and TCAA, respec-
tively, and, interestingly, for TCM and DCAA the formation potential increased
with an increasing number of double bonds in the FA, a phenomenon that was
anticipated since double bonds can serve as reactive sites, leading to DBP forma-
tion (Fukayama et al., 1986; Liang et al., 2012). For algal-extracted FAs, the for-
mation potential was found to be greater than that calculated for purchased FA
standards, at 13.5 ug mg~ ' as C. The same study found that HPI and HPO pro-
teins had a THM formation potential of 93.5 ug mg™" as C and 12 ug mg™ " as
C, respectively. Notably, the reactivity of FAs with time did not change, whilst
for both protein fractions, the formation potential increased significantly when
the chlorination period was extended; this indicates that potentially the impact
on reaction time as discussed in Section 6.1 (Table 3) may be the result of HPI
proteins. Although it might be expected that FAs and HPO proteins may be
removed to a large extent by coagulation-flocculation if performed and opti-
mized, this is less likely for HPI proteins and suggests that the presence of AOM
in water sources could impact a WTP’s ability to meet THM guideline values.
These studies also suggest that SUVA is not a good indicator to predict THM
formation, especially in autochthonous sources.



34 (&) M.PIVOKONSKY ET AL,

7. Conclusions

Research clearly demonstrates that AOM can impact performance at every stage
of the treatment process and therefore requires consideration when a drinking
water source is impacted by an algal or cyanobacterial bloom. Generally, most
studies to date have investigated the impact of EOM on WTP performance, with
little emphasis on the COM that forms a major portion of AOM after the col-
lapse of an algal bloom and brings the most serious problems to WTPs; this
remains a knowledge gap. Observations indicate that AOM is most similar in
character to EfOM, largely due to the microbial origin of the organic material,
and quite different from humic-derived NOM. Specific research needs
highlighted by the individual sections of this review have been identified as
follows:
® The general composition of AOM in terms of ‘bulk’ characterization tech-
niques (hydrophobicity, charge, MW) is now well understood. However,
there is a need for greater investigation as to how these parameters vary
when algal/cyanobacterial populations are subject to different growth con-
ditions or stress. Better structural characterization of the proteinaceous
and polysaccharidic components is required in order to tailor mitigation
measures to optimize process performance during algal blooms, or indeed
take advantage of naturally produced bioflocculants.
® During coagulation, coagulant metal—AOM complexes can form, leading
to a rise in coagulant demand as for terrestrially derived NOM. However,
additional influences of metal complexation include blockage of negatively
charged functional groups that prevent the molecule from being coagulated
through adsorption and charge neutralization mechanisms. As with NOM,
pH optimization is essential for efficient AOM removal and the same
organic characterization techniques (charge, hydrophobicity, SEC) can be
applied to optimize removal. Further work on understanding the role of
bioflocculants produced by algae/cyanobacteria during coagulation and
investigation into the impact of AOM on floc properties is required.
® Membrane fouling by AOM can be controlled via pretreatment, avoidance
of shear prior to membrane filtration, and selection of HPI membranes.
The same membrane fouling mechanisms that have been identified for
other systems, such as wastewater, will apply to AOM; the exact balance of
each mechanism will be dependent on AOM concentration and character
and further research is required to improve understanding in this area.
Interactions between terrestrial NOM and AOM could form a more
aggressive foulant, particularly in the presence of divalent cations, and fur-
ther research is required in this regard.
¢ Investigations of AOM adsorption on AC has focused mainly on cyanotox-
ins and taste and odor compounds. However, it appears that AC adsorp-
tion could be a viable option for the removal of the low-MW AOM
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fraction that is not removed by coagulation. Studies focused primarily on
the adsorption of AOM are still limited and systematic evaluation of
adsorption effectiveness is necessary.

e Specific C-DBP reactivity appears to be consistent with the growth phase,
and hence, it is the length of disinfection time that impacts C-DBP forma-
tion. The risk associated with DBP formation due to the presence of AOM
is increased in relation to the HAAs and emerging DBPs, such as the N-
DBPs, rather than THMs. Further studies are required to fully understand
the formation pathways and define the true hazard associated with the total
range of DBPs formed in accordance with changing regulations globally.
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ABSTRACT

The study investigates the effect of permanganate pre-oxidation on the coagulation of peptides/proteins
of Microcystis aeruginosa which comprise a major proportion of the organic matter during cyanobacterial
bloom decay. Four different permanganate dosages (0.1, 0.2, 0.4 and 0.6 mg KMnO4 mg~! DOC) were
applied prior to coagulation by ferric sulphate. Moreover, changes in sample characteristics, such as
UV3s4, DOC content and molecular weight distribution, after pre-oxidation were monitored. The results
showed that permanganate pre-oxidation led to a reduction in coagulant dose, increased organic matter
removals by coagulation (by 5—12% depending on permanganate dose), microcystin removal (with re-
ductions of 91—96%) and a shift of the optimum pH range from 4.3 to 6 without to 5.5—7.3 with pre-
oxidation. Degradation of organic matter into inorganic carbon and adsorption of organic matter onto
hydrous MnO, are suggested as the main processes responsible for coagulation improvement. Moreover,
permanganate prevented the formation of Fe-peptide/protein complexes that inhibit coagulation at pH
about 6.2 without pre-oxidation. The study showed that carefully optimized dosing of permanganate
improves cyanobacterial peptide/protein removal, with the benefit of microcystin elimination.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Cyanobacteria are ubiquitous in rivers and reservoirs supplying
drinking water treatment facilities. When cyanobacterial pop-
ulations rise, water treatment technology has to deal not only with
increased cell concentration but also with dissolved algal organic
matter (AOM) (Zhang et al., 2010). AOM can seriously impair water
treatment process efficiency, especially during the decline phase of
an algal bloom, when high concentrations of cellular organic matter
(COM) are released into source water (Henderson et al., 2008;
Zhang et al., 2010; Pivokonsky et al., 2016). The most pronounced
adverse effects of AOM on drinking water production and quality
are the reduction in coagulation efficiency, shortening filter runs,
membrane fouling, decreased adsorption efficiency for micro-
pollutants onto activated carbon, and disinfection by-product

* Corresponding author. Institute of Hydrodynamics, Czech Academy of Sciences,
Pod Patankou 30/5, 16612 Prague 6, Czechia.
E-mail address: pivo@ih.cas.cz (M. Pivokonsky).

http://dx.doi.org/10.1016/j.watres.2017.02.029
0043-1354/© 2017 Elsevier Ltd. All rights reserved.

formation (Pramanik et al., 2015; Zamyadi et al., 2015; Pivokonsky
et al.,, 2016).

Numerous studies have showed that pre-oxidants such as
ozone, chlorine dioxide, chlorine, potassium ferrate (KyFeO4) or
potassium permanganate (KMnO4) can improve the removal of
algal and cyanobacterial cells by coagulation/flocculation (Ma and
Liu, 2002; Plummer and Edzwald, 2002; Chen and Yeh, 2005;
Henderson et al., 2008; Chen et al,, 2009; Ma et al., 2012; Coral
et al, 2013; Pranowo et al., 2013; Wang et al,, 2013; Xie et al,,
2013; Qi et al., 2016). The improvement in cell removal is attrib-
uted to cell inactivation, changes in external cell architecture and
release of high-molecular weight (MW) extracellular organic
matter (EOM) and/or cellular organic matter (COM) that easily
combine with coagulants (Pranowo et al., 2013; Wang et al., 2013).
However, many studies indicated that pre-oxidants may negatively
affect coagulation. Pre-oxidation can lead to cell lysis, releasing
undesirable toxins or taste and odour compounds, and to EOM/
COM degradation, forming low-MW compounds which may be
difficult to coagulate (Hoyer et al., 1987; Paralkar and Edzwald,
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1996; Henderson et al., 2008; Ma et al., 2012; Coral et al., 2013;
Pranowo et al.,, 2013; Wang et al., 2013; Xie et al., 2013). Further-
more, pre-oxidation by chlorine, chlorine dioxide and ozone forms
undesirable disinfection by-products (DBPs) (Henderson et al.,
2008; Coral et al., 2013; Xie et al., 2013). To avoid the formation
of DBPs, permanganate may be used as an alternative pre-oxidant
when treating eutrophic source water (Xie et al., 2016).

The effect of permanganate and ozone pre-oxidation on
aqueous suspensions of Microcystis aeruginosa, subsequent coagu-
lation by aluminium sulphate and the formation of DBPs during
downstream chlorination was previously investigated (Xie et al.,
2013). Both pre-oxidants increased the removal rate of cells dur-
ing coagulation (from 56.7% without pre-oxidation) by 15—25%
depending on the dose. Pre-ozonation destroyed cell walls and
membranes to release COM, and produced more organic nitrogen
and lower-MW precursors than permanganate oxidation. This
resulted in a dramatic increase in DBP formation during down-
stream chlorination. Pre-oxidation with permanganate mainly
released organic matter adsorbed on the cells' surface without
causing any cell damage and led to much lower DBPs formation.
Similarly, Chen et al. (2009) demonstrated that both ozone and
permanganate, can improve the subsequent algae (Chlorella sp.)
removal through alum coagulation and sedimentation, increasing
algae removal efficiency from 84% to 93% and 98% for optimum
doses of ozone and permanganate, respectively. While extensive
cell destruction was observed after ozonation, permanganate had
the potential to induce the release of EOM from cells. Permanga-
nate also generates manganese dioxides (MnO;), which may
accelerate the flocculation kinetics by increasing particle concen-
tration and promote flocculation by adsorption onto other particles
(Petrusevski et al., 1996; Chen and Yeh, 2005; Chen et al., 2009; Xie
et al.,, 2016). However, if KMnOy is overdosed, increases in residual
manganese, colour, turbidity and cell damage can occur (Qi et al.,
2016; Xie et al., 2016). Petrusevski et al. (1996) noted that KMnO4
dose and residual manganese were positively correlated, although
it was observed that the subsequent application of cationic polymer
lowered residual manganese levels. Furthermore, Ma et al. (2012)
and Qi et al. (2016) showed that the cellular organic matter
(COM) release can be controlled by the subsequent introduction of
Fe(II) to quench residual KMnOj4.

Studies on the oxidation of AOM in the absence of algal cells are
rare and they focus only on the ozonation of algal EOM (Hoyer et al.,
1987; Paralkar and Edzwald, 1996; Widrig et al., 1996). Widrig et al.
(1996) showed that macromolecular proteins and fatty acids were
degraded by ozone into smaller molecules. Similarly, Paralkar and
Edzwald (1996) found that ozonation of the EOM showed a
consistent trend of decreasing high-MW fractions and increasing
medium- and low-MW fractions with increasing ozone dose.
Moreover, the charge of the EOM samples was observed to become
more negative with ozonation. No attention has been given to the
pre-oxidation of COM which has been reported to form the ma-
jority of AOM in raw water during algal bloom decay (Zhang et al.,
2010).

The aim of this study was to investigate the impact of pre-
oxidation on the coagulation of dissolved COM. Potassium per-
manganate was used as the pre-oxidant to minimize the degrada-
tion of COM into smaller molecules which are resistant to
coagulation (Pivokonsky et al., 2012). The specific objectives were:
(1) to evaluate the changes in COM and MW distribution after
permanganate oxidation, and (2) to assess the influence of per-
manganate oxidation on the coagulation of the COM derived from
Microcystis aeruginosa. Hence, this paper presents for the first time
novel data on the fate of cyanobacterial COM during oxidation us-
ing KMnO4. These data demonstrate the operational benefits of
selection of optimising the pre-oxidation agent and conditions for

successful coagulation of cyanobacterial COM and removal of the
associated toxins.

2. Material and methods
2.1. Cultivation of Microcystis aeruginosa and preparation of COM

Microcystis aeruginosa (strain Zap. 2006/2, Department of Cul-
ture Collection of Algal Laboratory, Institute of Botany, CAS, Czech
Republic) was the species selected for this study, as it is the most
abundant and common cyanobacterium occurring in natural water
(Pivokonsky et al., 2016). It was cultivated and harvested during the
stationary growth phase as described by Pivokonsky et al. (2014).
The cells were separated from the culture media by filtering
through a 0.22 pm membrane filter (Millipore, USA) and subse-
quently stirred with ultra-pure water and disrupted in ice bath
using an ultrasonic homogeniser (UP400S, Hielscher Ultrasonics,
Germany) at 60% amplitude of ultrasonication (240 W) in pulse
mode for 5 min. The residual solids were removed by a 0.22 mm
membrane filter, and filtrates were concentrated tenfold in a rotary
evaporator (Laborota 4000 HB/G1, Germany) at 20 °C. The peptide
and protein fraction of COM, which was reported to represent the
major portion of M. aeruginosa COM (Pivokonsky et al., 2014), was
isolated from the cells and used in all subsequent experiments.
Peptides and proteins were isolated from the COM by precipitation
using (NH4)»SO4. The peptide/protein precipitate was separated
from the dissolved organic matter by filtration through a 0.22 mm
membrane filter (Millipore, USA) and then dissolved in ultra-pure
water (Pivokonsky et al., 2012). Peptide/protein concentrations in
the subsequent experiments are expressed as concentration of
dissolved organic carbon (DOC). The isoelectric points of the iso-
lated peptides and proteins are within a range of 4.8—8.1
(Pivokonsky et al., 2012). In addition, both COM and isolated pep-
tide/protein samples were analyzed for microcystin content (the
sum of MC—LR, —RR and —YR). It was found that more than 95% of
microcystins contained in COM passed to peptide/protein fraction
during its isolation. In the peptide/protein sample with 100 mg L™!
of DOC, total MCs concentration was 143.7 pg L\,

2.2. Pre-oxidation experiments

Solution of 0.02 M KMnO, (Sigma-Aldrich, USA) was used as
pre-oxidant. Solutions of COM peptides/proteins were diluted to
the concentration of 8 mg L~! as DOC and adjusted to pH 7 and
alkalinity 1.5 mmol L' (75 mg L' CaCOs) using 0.1 M HCI and
0.1 M NaHCOs3, These were then oxidized with 0.1, 0.2, 0.4 and
0.6 mg KMnO4 per 1 mg DOC. Samples were collected for residual
KMnOyg4 analysis after 1, 3, 5, 10, 20, 30, 40, 50 and 60 min of contact
time under mixing at a shear rate of 100 s~ with a magnetic stirrer.
This was undertaken to monitor the side effects of extensive
oxidation (increased Mn, colour and turbidity levels). In addition,
the time needed for the oxidation was determined by measuring
the variation of UV absorbance at 254 nm, absorbance at 620 nm,
proportional to the amount of phycocyanin, and residual DOC
concentrations at each time point, where the time, at which
absorbance and DOC stabilised, was taken as the oxidation time
required. The changes in the MW distribution of COM peptides/
proteins and microcystin concentrations at the time required for
complete oxidation, i.e. at 10 min time, were monitored by high-
performance size-exclusion chromatography (HPSEC) and by solid
phase extraction (SPE) followed by LC/MS/MS, respectively (see
section 2.4). The samples were rotary evaporated prior to MW
distribution and microcystin analyses (Laborota 4000 HB/G1, Ger-
many) to reach concentrations of 50 mg L~! DOC that are conve-
nient for HPSEC performance and enable microcystin detection.
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2.3. Coagulation tests

Jar tests with COM peptides/proteins of initial concentrations of
1,3, 5 and 8 mg L' as DOC, both with and without KMnO, pre-
oxidation, were performed. These DOC concentrations correspond
with concentrations produced during laboratory experiments. For
example, Henderson et al. (2008) observed stationary phase AOM
concentrations from lab cultures of M. aeruginosa of approximately
18 mg L~ !, Nguyen et al. (2005) reported that cyanobacterium
Anabaena cylindrica produced about 25 mg L~! of DOC during sta-
tionary phase and Pivokonsky et al. (2014) measured between 50
and 70 mg L ! of DOC during stationary phase growth of
M. aeruginosa. Moreover, Pivokonsky et al. (2014) found that COM
of Microcystis aeruginosa contains about 60% of proteinaceous
matter. The model water was ultra-pure water with alkalinity
adjusted to 1.5 mmol L~! (75 mg L~! CaCO3) using 0.1 M NaHCO;
and pH 8.5. In the experiments with KMnO4 pre-oxidation, doses of
0.1, 0.2; 0.4 and 0.6 mg KMnO4 per 1 mg DOC were applied. 1%
solution of ferric sulphate (Fe;(SO4)3-9H,0; Sigma-Aldrich, USA)
was used as a coagulant. Firstly, coagulant doses were optimized for
COM peptides/proteins of initial concentrations of 1, 3, 5 and
8 mg L~ ! as DOC using doses ranging from 1 to 14 mg L~ ! as Fe
(0.018—0.251 mmol L~ Fe). Secondly, jar tests with the coagulant
doses optimized for four COM peptide/protein concentrations were
performed in the pH range 3—9.5. The target pH was reached by
adding predetermined amounts of 0.1 M NaHCOs, 0.1 M NaOH or
0.1 M HCl prior to the pre-oxidation and addition of the coagulant.

The experiments were carried out using a variable speed eight
position paddle stirrer (LMK 8-03, IH CAS, Czech Republic) and 2 L
jars. After pH adjustment, KMnO4 was dosed and samples were
mixed at a shear rate of 100 s~! for 10 min, after which the ferric
sulphate (1% solution) was added. The coagulation process included
steps of agitation at a shear rate of 300 s~! for 1 min, followed by a
slow stir phase at a shear rate of 50 s ! for 15 min before a 60 min
settling period. Residual solids were then separated by centrifu-
gation. The supernatants were analysed for pH, DOC, residual Mn
and Fe, microcystins and MW distribution. Prior to MW distribution
analyses, the samples were concentrated in a rotary evaporator
(Laborota 4000 HB/G1, Germany) to reach concentrations of
50 mg L' DOC.

2.4. Analytical methods

The UV absorbance at 254 nm (UV;54), absorbance at 620 nm,
proportional to the amount of phycocyanin, and the residual
KMnOy4 as absorbance at 530 nm after pre-oxidation experiments
were measured with a UV-VIS 8453A spectrophotometer (Agilent
Technologies, USA) with 1 cm quartz cells (Ma et al., 2012). Potas-
sium permanganate standards of concentrations of 0.1, 0.5, 1, 2, 3, 5,
7 and 10 mg L~! were used to calibrate KMnO4 measurements. All
measurements were conducted in triplicate with measurement
errors less than 3%.

An inductively coupled plasma optical emission spectropho-
tometer (ICP OES, Optima 2000 DV, Perkin-Elmer, USA) was used to
determine the concentrations of residual Mn and Fe after coagu-
lation tests. Measurements of Mn and Fe samples were carried out
in triplicate and errors were less than 3%.

DOC was analysed using a Shimadzu TOC-Vcpy analyser (Shi-
madzu Corporation, Japan). Samples for DOC analysis were pre-
treated by filtering through a 0.45 um membrane filter (Millipore,
USA). All measurements of DOC concentrations were conducted in
triplicate and errors of measurement were less than 2%.

Microcystin analyses, specifically the sum of MC—LR, —RR
and —YR, were performed following the standard operation proced-
ure adapted from EPA Method 1694 (EPA Method 1694, 2007).

Microcystins were cleaned-up by solid phase extraction and analyzed
by an Agilent 6410 Triple Quadrupole LC/MS/MS system (Agilent
Technologies, USA) in the positive electrospray ionization (ESI+)
mode and column Zorbax Eclipse XDB-C18 (4.6 x 100 mm x 3.5 Im)
(Agilent Technologies, USA). Two mobile phases (A - water and B -
methanol, both containing 0.1% (v/v) formic acid and 5 mM sodium
formate) were used at a flow rate of 300 pl min L during the gradient
run: 3—30% B for 0.3 min, 30—35% B for 6 min, 35—95% B for 3 min.
Microcystin concentration was evaluated using a combination of
isotope dilution (Isoproturon D6; Sigma Aldrich, USA) and internal
standard quantitative techniques. The quantification limit of the
method is 100 ng L.

The MW distributions were accomplished by HPSEC with a
diode array detector (DAD) (Agilent 1260 Infinity, Agilent Tech-
nologies, USA) operated at 280 nm. Agilent Bio SEC-5100 A and
300 A columns (7.8 x 300 mm, 5 pm) connected in series (sepa-
ration range 100—1,250,000 Da) were used at 23 °C with a 0.15 M
phosphate buffer (pH 7.0) as the mobile phase. The columns were
operated with a flow-rate of 1 mL min~' and a 50 pL sample loop
injection volume. Peptide and protein SEC standards (Sigma-
—Aldrich, USA) of MW range from 244 Da to 900 kDa were used to
calibrate the system. Reproducibility of the MW fractionation of
COM peptide/protein samples was very good, with MW deviations
of less than 3% from repeated measurements.

3. Results and discussion

3.1. Influence of permanganate pre-oxidation on COM peptides/
proteins

The optimal KMnO4 dose for pre-oxidation during the experi-
ments was selected based on variations in UV354, DOC and residual
KMnOg4. Fig. 1a shows that UV,s54 of peptide/protein solutions of
8 mg L~ ! DOC sharply rose after pre-oxidation and then dropped to a
relatively constant level after 10 min, with the exception of the
lowest KMnO4 dose, at which changes in UV;,54 were observed until
60th minute (an additional 8% drop). On the other hand, absorbance
at 620 nm, which is typical for blue-coloured protein phycocyanin
substantially decreased and stabilised after 5 min of pre-oxidation
(Fig. 1b). After 10 min of pre-oxidation, residual KMnO4 reached a
plateau (Fig. 1c) following similar oxidant decay rate for all initial
KMnO4 doses. KMnO4 decay rates were calculated and for the 0.1,
0.2, 0.4 and 0.6 mg KMnO4 per 1 mg DOC dosages the first-order
decay rate constants were 0.0048 s—' (R*> = 0.98), 0.0048 s~!
(R? = 0.96), 0.0041 s~! (R* = 0.81), and 0.0032 s~! (R? = 0.98),
respectively. No significant difference was observed between
KMnOy4 decay rates for the 2 low dosages. With increase in KMnQOy4
dose the decay rate decreased, however, the rate values were all
within the same order of magnitude. Residual KMnO4 concentra-
tions of <0.1, 0.2, 0.4 and 0.6 mg L~! were recorded for initial doses
0f0.8,1.6,3.2 and 4.8 mg L~ ! (~0.1, 0.2, 0.4 and 0.6 mg KMnO, mg !
DOC), respectively. Furthermore, DOC concentrations also stabilised
after 10 min of pre-oxidation and were reduced by 7.5%, 21%, 24%
and 26% for doses of ~0.1, 0.2, 0.4 and 0.6 mg KMnO4 mg~! DOC,
respectively (Fig. 1d). Thus, for subsequent experiments, a 10 min
pre-oxidation time was applied. The doses of 0.2 and 0.4 mg KMnO4
mg~! DOC are presented in the following text, since application of
the dose of 0.1 mg KMnO,4 mg~' DOC did not enhance coagulation
compared with experiments without pre-oxidation, while the dose
of 0.6 mg KMnO4 mg~! DOC provided high residual manganese
levels (data not shown). These were about 0.05 mg L~! Mn, which
represent EC drinking water directive limit for manganese (Direc-
tive 98/83/EC). Permanganate doses used in this study are not ex-
pected to cause cell damage in case that M. aeruginosa cells are also
present in raw water. According to the study by Xie et al. (2013),
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Fig. 1. Dependence of absorbance of UV3s4 (@), absorbance of Visg, (b), residual KMnOy (c) and residual DOC (d) on pre-oxidation time and KMnO,4 dose (initial DOC concentration

8 mg L™, pH = 7).

KMnO, doses up to 2 mg L~ did not damaged M. aeruginosa cells at
concentration of 1.01 + 0.06 x 10° cells/mL. Our doses of 0.2 and
0.4 mg KMnO4 mg*1 DOC are equivalent to 0.2—3.2 mg L! KMnOg4
for DOC concentrations 1-8 mg L.

Fig. 2 compares HPSEC analyses of COM peptides/proteins
without and with KMnO4 pre-oxidation. For the KMnO4 dose of
0.2 mg per 1 mg of DOC, peaks of high-MW proteins (9—1300 kDa)
became significantly smaller, while at 0.4 mg KMnO4 per 1 mg of
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Fig. 2. HPSEC analyses of COM peptides/proteins before and after pre-oxidation by 0.2
and 0.4 mg KMnO4 mg~! DOC (sample DOC = 50 mg L™, pH = 7, reaction time 10 min).

DOC almost all peaks were reduced. The reduction in UV (280 nm)
absorbance may be due to the decomposition of organic matter to
inorganic carbon, which is apparent from Fig. 1d, changes in amino
acid compositions and also due to changes in UV chromophores in
the peptide/protein molecules. Protein absorbance at 280 nm is
caused by amino acids with aromatic rings. Oxidation of the pro-
teins can lead to the formation of molecules of different amino acid
compositions, the absorbances of which are lower. The changes in
UV chromophores could be observed even by the naked eye in case
of the blue-coloured protein phycocyanin with tetrapyrrole chro-
mophoric groups, which was contained in the peptide/protein
samples. Phycocyanin exhibits the absorption maximum at 620 nm,
which is characteristic of tetrapyrrole-based chromophore.
Phycocyanin lost its blue colour with pre-oxidation (see Fig. S1 in
Supplementary Data). Changes in the chromophoric groups are
consistent with the significant decrease in absorbance at 620 nm
(shown in Fig. 1b). Similarly, large reductions in aromaticity were
observed for ozonation of natural organic matter (Reckhow et al.,
1986). That mechanism may occur during permanganate oxida-
tion of protein substances, resulting in their decreased absorbance
of protein substances. In addition, the reduction in high-MW peaks
may be caused by the transformation of high-MW proteins into
low-MW peptides that are difficult to coagulate (Pivokonsky et al.,
2012).

Other studies that performed HPSEC analyses after KMnO4 pre-
oxidation applied KMnO4 onto cell suspensions. Therefore, they
monitored not only changes in MW distribution due to oxidation,
but also the release of organics from cells after oxidation (Ma et al.,
2012; Wang et al., 2013; Xie et al., 2013). In general, they observed
an increase in high-MW fractions due to release of organic matter



46 J. Naceradska et al. / Water Research 114 (2017) 42—49

adsorbed on the cells' surface and also decomposition to lower-MW
compounds or to inorganic carbon. Nevertheless, these effects were
considerably less pronounced than in the case of ozonation (Xie
et al.,, 2013).

In Fig. 2, the peak of MW of 1 kDa can probably be assigned to
toxic heptapeptides microcystins (Kopecka et al., 2014). This peak is
substantially reduced at both KMnO4 doses. The measurements of
total MC (the sum of MC—LR, —RR and —YR) concentration showed
that most of the MCs were oxidized by all four doses of KMnOg4 (0.1,
0.2, 0.4 and 0.6 mg KMnO4 mg~' DOC). Prior to MC analyses, the
pre-oxidized samples had to be concentrated in order to reach
detectable MC concentrations. After an oxidation time of 10 min,
MC concentrations (initial MC concentration of 115 pg L7
DOC = 8 mg L) were reduced by 91, 93, 95 and 96% for KMnO,4
doses of 0.1, 0.2, 0.4 and 0.6 mg KMnO4 mg~' DOC, respectively.
This is consistent with other studies which indicated that pure
microcystins are quickly oxidized by KMnO4 (Chen et al., 2005;
Rodriguez et al., 2007), while in the presence of cyanobacterial
cells degradation was slower, probably due to the competing re-
actions with other molecules from the cyanobacterial cells (Fan
et al., 2013; Shao et al., 2014).

3.2. Coagulation

The optimum coagulant (Fex(SO4)3-9H,0) doses for the removal
of all initial concentrations of COM peptides/proteins were set to
7 mg L' as Fe (0.125 mmol L~! Fe) for experiments without pre-
oxidation and 6.4 mg L~ as Fe (0.115 mmol L~! Fe) for samples
pre-oxidized with 0.2 and 0.4 mg KMnO4 mg~! DOC (see Fig. S2 in
Supplementary Data). A previous study by Pivokonsky et al. (2012)
showed that the removal of peptides/proteins of M. aeruginosa was
strongly dependent on pH value. Therefore, jar tests with the
optimized coagulant doses and four DOC concentrations (1, 3, 5 and
8 mg L") were performed in the pH range 3—9.5. Fig. 3 compares
residual Fe and DOC concentrations as a function of pH of jar tests
without pre-oxidation (Fig. 3a and b) and with pre-oxidation by 0.2
(Fig. 3c and d) and 0.4 mg KMnO4 mg~! DOC (Fig. 3e and f). Simi-
larly to our previous study (Pivokonsky et al., 2012), optimum pH
for coagulation without pre-oxidation was in the pH range of 4.3—6
for initial DOC concentrations of 3, 5 and 8 mg L~! and 5.5—6.5 for
initial DOC concentration of 1 mg L. Charge neutralization be-
tween peptide/protein deionized functional groups and positively
charged Fe hydrolysis species is the most probably the predomi-
nant removal mechanism (Matilainen et al., 2010; Pivokonsky et al.,
2016). Adsorption is also known to play an important role in the
coagulation. At higher coagulant/DOC concentration ratio and pH
about 6—8, peptides/proteins attach to the surface of Fe-oxide-
hydroxide particles leading to particle aggregation. On the other
hand, when the coagulant/DOC ratio is low, the surface of Fe-oxide-
hydroxide particles becomes completely covered with peptides/
proteins, which leads to an increase in the negative charge density
to the charge stabilization of particles that hinders their aggrega-
tion (Pivokonsky et al., 2016).

Coagulation of peptides and proteins without pre-oxidation was
disturbed by the formation of dissolved complexes between Fe and
peptides/proteins at pH about 6.2, as also described in Pivokonsky
et al. (2012). By contrast, no such interference was observed in the
experiments with pre-oxidation (Fig. 3c—f). The break-up of
organo-metal complexes and subsequent release of oxidized
metals, such as Fe(Ill) and Mn(IV), was also observed after ozona-
tion of natural organic matter (Reckhow et al., 1986). Furthermore,
coagulation tests with pre-oxidation provided higher DOC removal
rates than without pre-oxidation (see Table 1). This is probably
given by the degradation of organic matter to inorganic carbon,
which was ascertained in the pre-oxidation experiments (Fig. 1d).

These showed that the DOC reductions by KMnO4 doses of 0.2 and
0.4 mg KMnO4 mg~! DOC were 21% and 24%, while DOC removal
rate increases after coagulation tests are 5—12% compared to
coagulation alone. Moreover, some authors hypothesized that pre-
oxidation increases the concentration of oxygenated functional
groups, especially the carboxylic acids (Reckhow et al., 1986; Shao
et al,, 2014), which are responsible for organic matter-coagulant
surface associations. In addition, the potential adsorption of
organic matter onto hydrous MnO, may also contribute to coagu-
lation (Chen and Yeh, 2005; Ma et al., 2012). The latter is evident on
examination of Fig. 3a,c,e, which shows that at pH > 7.5, residual
DOC concentration decreases with the increased KMnO4 dose. At
the same time, residual manganese levels were observed to be
quite low at pH > 7.5 due to the formation of hydrous MnO, (Fig. 4).
However, residual coagulant (Fe) rose sharply (Fig. 3d,f), which
indicates that it is not likely to be responsible for reductions in DOC
levels at these pH values. It should be noted that the difference in
DOC removals after single pre-oxidation (21% and 24%) and pre-
oxidation-coagulation (increased by 5—12% compared to coagula-
tion alone) is probably given by the different fates of peptides/
proteins after pre-oxidation. For example, as mentioned in section
3.1. high-MW proteins may be degraded by permanganate in two
ways: 1) to inorganic carbon, which means they are no more
available for subsequent coagulation, or 2) to low-MW peptides
that are resistant to coagulation (Pivokonsky et al., 2012), which
may decrease coagulation efficacy.

Besides improved DOC removal rates, pre-oxidation also leads to
widening optimum pH range for DOC removal up to pH 7.3 (see
Table 1). This can be attributed firstly to permanganate-induced
rupture of Fe-peptide/protein complexes and secondly to adsorp-
tion activity of hydrous MnO, toward peptides/proteins. As
mentioned above, adsorption plays its role in coagulation at higher
pH values, but its contribution depends on the ratio of peptide/
protein molecules and Fe-oxide-hydroxide particles. When for-
mation of hydrous MnO,, which is promoted by higher pH values
and by rising concentration of MnO, (Stumm and Morgan, 1996),
increases the number of the particles in the system, the adsorption
of peptides/proteins onto these particles results in particle aggre-
gation instead of stabilization. This enables the shift of pH optimum
to higher pH values. In addition, hydrous MnO, particles also pro-
mote the formation of primary insoluble flocs during early phases
of Fe>* hydrolysis, where they serve as initial cores of precipitation.

Fig. 4 further compares residual DOC and manganese concen-
trations for different initial peptide/protein concentrations. Evalu-
ation of Fig. 4 indicates that higher KMnO4 doses enhance DOC
removals, but provide higher residual Mn concentrations. More-
over, it shows that acceptable manganese levels are achieved at pH
5.5—8.5 for both KMnO4 doses and all initial DOC concentrations.
Manganese levels rise with lower pH above the EC drinking water
directive limit (Directive 98/83/EC), because the formation of hy-
drous MnO; is governed by pH and is very slow at pH < 5.5 (Stumm
and Morgan, 1996). Therefore, even if high DOC and Fe removals
were observed at pH 4.3—5.5 (Fig. 3), the water produced at this pH
would not be acceptable for drinking purposes. The increase in Mn
residuals due to pre-oxidation with KMnOy4 could cause excessive
Mn issues for treatment plants, particularly for sludge and spent
water recovery streams. In these plants, the recovered water is
returned to the head of the plant and added to the raw water,
leading to increasing concentration of compounds to be removed
during the treatment (Zamyadi et al., 2016). The cumulative impact
of these recycling streams could lead to Mn concentrations higher
than plants design removal capacity. On the other hand, oxidation
could help to prevent accumulation and recycling of harmful
cellular metabolites, including toxins and taste and odour com-
pounds, within the water treatment and recovery systems.
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Fig. 3. Dependence of residual DOC and residual Fe on pH value for initial DOC concentrations of 1, 3, 5 and 8 mg L~! without pre-oxidation (a, b) and after pre-oxidation (reaction

time 10 min) by 0.2 mg KMnO4 mg~' DOC (c, d) and 0.4 mg KMnO,4 mg ™' DOC (e, f).

Table 1

Optimum coagulation conditions and removal rates for COM peptides/proteins with and without pre-oxidation.

Without KMnO4 0.2 mg KMnO4 mg~! DOC 0.4 mg KMnO4 mg~! DOC
DOC removal rate (%) 55, 66, 75, 82 60, 71, 80, 87¢ 64, 78, 83, 90*
optimum pH for DOC, Fe (-) 43-6.0 43-73 43-73
optimum pH for Mn (-) - 5.5-8.5 5.5-8.5
residual Mn (mg L™ 1) - 0.01 0.03
residual microcystin (ug L) 1.4-11.2° <0.1 <0.1

3 For initial DOC 1, 3,5, 8 mg L.

HPSEC analyses (Fig. 5) in pre-concentrated samples after pre-
oxidation-coagulation showed that high-MW proteins were

removed, while low-MW peptides (<9

kDa) remain in treated

water. This is consistent with our previous study that showed

coagulation as

ineffective

in removing low-MW peptides

(Pivokonsky et al., 2012) and these need to be removed by other
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Fig. 5. HPSEC analyses of COM peptides/proteins after coagulation and pre-oxidation
by 0.2 and 0.4 mg KMnO4 mg~' DOC (sample DOC = 50 mg L™}, pH = 7, reaction
time of pre-oxidation 10 min).

treatment techniques. For example, peptides (MW < 10 kDa) of
M. aeruginosa were efficiently removed by adsorption onto granular
activated carbon (Kopecka et al., 2014). Peptides are expected to
contribute to nitrogenous DBP formation. Goslan et al. (2017) re-
ported that AOM of M. aeruginosa generates 1.32 + 0.01 pg mg~' C
of dichloroacetonitrile (DCAN) and 0.13 + 0.01 pg mg~! C of tri-
chloromethane after chlorination. It should be noted that DBP
formation potential was shown to be highly species specific even
among different cyanobacteria (Goslan et al., 2017). Lui et al. (2012)
found that the AOM fraction of 3—10 kDa of green alga Chlamydo-
monas sp. was potent DCAN precursor and showed high

mutagenicity. However, findings about protein mutagenicity after
chlorination substantially differ (Lui et al., 2012).

Microcystin (peak of 1 kDa) was not observed after pre-
oxidation-coagulation (Fig. 5) compared to coagulation alone
(Pivokonsky et al., 2012) and the concentration of microcystins was
below the WHO guideline value of 1 pg L~! and even below the
quantification limit of 0.1 pg L~! (Table 1).

4. Conclusions

The results showed that pre-oxidation with potassium per-
manganate followed by coagulation with ferric sulphate enhanced
the removal of peptides/proteins of M. aeruginosa. Beside higher
DOC removals, permanganate pre-oxidation lowered coagulant
dosage, shifted the optimum pH range and obviated formation of
dissolved organo-metal complexes, which interfere with coagula-
tion. The results indicate that the improvement in DOC removals
(by 5—12%) after pre-oxidation mainly stems from the degradation
of organic matter to inorganic carbon by pre-oxidation. Perman-
ganate was highly effective in removing toxic microcystins and
higher microcystin removals were achieved with increasing per-
manganate dosage. However, HPSEC analyses showed that there is
a variety of low-MW compounds that cannot be either coagulated
or degraded by KMnO4 and other treatment techniques need to be
employed for their removal. The optimum pH for peptide/protein
and coagulant removal widened from 4.3 to 6 without to 4.3—-7.3
with pre-oxidation, attributable to the involvement of hydrous
MnO,; particles into adsorption processes. Nevertheless, pH range
5.5—7.3 is recommended, because at pH < 5.5 residual manganese
levels rise.

The beneficial effect of permanganate pre-oxidation on coagu-
lation of COM peptides/proteins removal lies not only in the
improvement in DOC removal, but also in the shift of optimum pH
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range to values commonly applied in water treatment practice and
in the simultaneous removal of microcystins. However, the oxidant
dose must be carefully optimized in order to avoid high residual
manganese concentrations in treated water and to maintain
integrity of algae cells in case that they are present in raw water.
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Algae affect the performance of drinking water treatment significantly when they decay and release
considerable amounts of cellular organic matter (COM). The study describes the cyanobacterium Mer-
ismopedia tenuissima and its COM and investigates the effect of their simultaneous coagulation. As COM
is highly complex mixture, we characterised it in terms of hydrophobicity, protein content and molecular
weights (MWs). To describe the coagulation mechanisms and molecular interactions in the system, we
determined both COM and cell surface charge by means of potentiometric titration and zeta potential
analysis, respectively, and performed the jar tests with single components and their mixtures with and

Keywords: . .
Algal cellular organic matter without a coagulant (ferric sulphate).
Coagulation The coagulation tests performed with the individual components or with their mixtures proved

efficient cell removals (up to 99%) but relatively low COM removals (37 = 57%). This disproportion can be
attributed to the prevalence of hydrophilic compounds and to the high portion of low-MW organics in
COM. Coagulation of COM/cell mixtures achieved comparable efficacy with single component tests, using
even lower coagulant doses. Furthermore, COM presence substantially deviated the pH optimum for cell
removal and thus altered coagulation mechanisms. While single cells interacted prevailingly through
adsorption onto Fe-oxide-hydroxides at about neutral pH (6.0—7.7), the COM/cell mixtures succumbed to
charge neutralisation by Fe-hydroxopolymers within moderately acidic pH range (5.0—6.5). Moreover,
COM initiated cell flocculation also at acidic pH in both the presence (pH 3.4—3.9) and the absence of a
coagulant (pH 3.6—4.6). This supportive effect is ascribed to relatively high-MW COM (>10 kDa), serving
as a natural flocculant through inter-particle bridging mechanism and exhibiting nearly the same COM/
cell removals as ferric sulphate.

Cyanobacterial cells
Merismopedia tenuissima
Water treatment

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction extracellular (EOM) and cellular organic matter (COM), respectively

(Takaara et al., 2007). Algae and associated AOM cause severe

The quality of surface water resources is remarkably deterio-
rating in the presence of algae and cyanobacteria. These produce a
variety of organic compounds denoted as algal organic matter
(AOM). AOM can seasonally form a prevalent part of natural organic
matter (NOM) present in water reservoirs (Henderson et al., 2008).
Algae release AOM as a by-product of photosynthesis and second-
ary metabolism and as a consequence of cell lysis, and thus creating

* Corresponding author.
E-mail address: pivo@ih.cas.cz (M. Pivokonsky).

http://dx.doi.org/10.1016/j.watres.2017.05.070
0043-1354/© 2017 Elsevier Ltd. All rights reserved.

problems for conventional treatment processes (i.e. coagulation/
flocculation - (sedimentation) - filtration), especially when algal
blooms decay and both algal cells and high AOM concentrations are
present in water (Henderson et al., 2008).

AOM may either improve or hinder coagulation/flocculation of
algae depending on its concentration, composition and character-
istics (Bernhardt et al., 1985; Vandamme et al., 2012). Research
addressing the impact of AOM on algal cell removal has so far
mostly focused on EOM released from pre-oxidation (e.g. Plummer
and Edzwald, 2002; Ma et al., 2012) or during the harvest of algal
biomass (e.g. Vandamme et al., 2012; Garzon-Sanabria et al., 2013).
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Since EOM differs from COM in their overall amount, protein con-
tent, degree of hydrophobicity or molecular weight (MW) distri-
bution (Henderson et al., 2008; Pivokonsky et al., 2014), they may
exert a different impact on cell removal. Takaara et al. (2007) re-
ported that COM produced by the cyanobacterium Microcystis
aeruginosa completely hindered coagulation of kaolin particles,
whereas EOM only caused a weak inhibition in even 10-times
higher concentrations. So far, little attention has been given to
the simultaneous removal of both cells and COM. Most studies have
focused on the aforementioned compounds separately (Pivokonsky
et al., 2009, 2012; Gonzalez-Torres et al., 2014) or dealt with the
influence of COM on coagulation of other impurities. Under the
appropriate conditions (pH value, coagulant dose), COM was found
to induce coagulation of both inorganic kaolin particles (Safarikova
et al, 2013) and organic compounds — humic substances
(Pivokonsky et al., 2015).

Algal and cyanobacterial cells make the conventional treatment
process vulnerable because of their diverse morphology and
physiology, particularly their physical dimensions, high motility
and low specific density (Ghernaout et al., 2010; Henderson et al.,
2010). This is exactly the case of the coccoid cyanobacterium Mer-
ismopedia tenuissima which may disrupt water treatment due to its
remarkably tiny cell size (not exceeding 2 pm in diameter
(McGregor, 2013)) which enables the cells breakage through the
water treatment plant (WTP) facilities. M. tenuissima is charac-
terised by spherical solitary cells, prevailingly organized into flat,
rectangular colonies (McGregor, 2013). This cyanobacterium exists
in a range of environments covering both oligotrophic lakes with
low alkalinity (a predominant species in late summer phyto-
plankton in Scandinavia, Hornstrom, 1999) and eutrophic water
reservoirs found in Brazilian semi-arid region (Dantas et al., 2011).
M. tenuissima tends to occupy nearly the entire water column
(Dantas et al., 2011; Koza and Rederer, 2014), and differs from the
typical cyanobacterial upper bloom found near the water surface.
WTPs cannot prevent M. tenuissima from its input by adjusting the
depth of the sampled profile. In 2011, a local outbreak of Mer-
ismopedia sp. caused a collapse in the water treatment plant Bed-
richov, supplied by the water reservoir of Josefuv Dul (the Jizera
Mountains, Czechia). The abundance of this cyanobacterium had
attained more than 800,000 cells mL~! over the past decade (Koza
and Rederer, 2014).

This paper aims to address the challenges that M. tenuissima
poses for water treatment by examining its traits and the potential
for its removal. COM and cell characterisation are essential for
understanding the treatability of M. tenuissima, and the subsequent
optimization of the removal processes or even the evaluation of the
level of coagulation interference. Furthermore, an influence of COM
on coagulation of M. tenuissima cells was evaluated with the goal to
test our hypothesis, that COM may enhance cell coagulation under
appropriate conditions. Finally, based on the molecular interactions
between cells, COM and the coagulant, we will indicate the opti-
mum coagulation conditions and present novel data and insights
into the impact of cyanobacterial COM on cell coagulation.

2. Material and methods
2.1. Merismopedia tenuissima cultivation

An inoculum of M. tenuissima (strain NIES-23) was obtained
from the Microbial Culture Collection of the National Institute for
Environmental Studies (NIES), Japan. As a culture medium, we used
medium C buffered with Tris (hydroxymethyl)aminomethane
(TRIS) at pH 7.5 (Ioki et al., 2012). The culture medium contained
210 mg L~ of dissolved organic carbon (DOC), of which TRIS
comprised consistently 95% during the cultivation, as proved by

high-performance size exclusion chromatography (HPSEC) and UV-
visible spectroscopy. The cultivation was performed in 500 mL
Erlenmeyer flasks with 250 mL of culture volume (Palinska et al.,
1996). The culture was shaken at 75 rpm in orbital apparatus
(GFL Shaker 3020, Germany), maintained at 20 °C and exposed to a
12 h-light/12 h-dark cycle under light intensity of about
30 umol m~2 s~ !, provided by a combination of cool-white (4200 K,
18 W, SunGlo, Hagen, Germany) and plant-colour fluorescent lamps
(4900 K, 20 W, Sera, Germany). All materials and media were
sterilised by autoclaving (a Tuttnauer autoclave-steam sterilizer
3850ELD, Israel); sterile conditions were maintained by air-
filtration (air HEPA filter KS BESTFIL, KS Klima-Service, Czechia).

2.2. Growth monitoring

The M. tenuissima growth was monitored by chlorophyll-a (chl-
a), optical density at 683 nm (ODgg3), and concentration of extra-
cellular organics released into culture media expressed as DOCgop.
Chl-a was determined spectrophotometrically following the ISO
10260 standard procedure (ISO, 1992). ODgg3 was used as a surro-
gate parameter of cell counts, as it correlates well with the cell
number (Knauer and Buffle, 2001; Pivokonsky et al., 2014) and was
determined by a UV-vis 8453A spectrophotometer of high resolu-
tion (0.0001 AU, Agilent Technologies, USA) with a 1 cm quartz
cuvette. The wavelength of 683 nm corresponded to the absorption
maximum of M. tenuissima suspension matching maxima observed
in Palinska et al. (1996). The ODgg3 response of the culture medium
corresponded with the response of ultra-pure water and hence,
was not taken into consideration. DOCggy was measured using a
TOC-Vcpy analyser (Shimadzu, Japan), more details are explained
by Safarikova et al. (2013). All the above-mentioned measurements
performed in triplicate, mutually deviated by less than 5% and for
DOC analyses by less than 2%. The growth curve was constructed
based on two separate cultivating occasions and the presented data
shows their arithmetic means.

Furthermore, by employing HPSEC, we determined the MW
distributions of EOM in the exponential (EXP) and stationary (STAT)
growth phases corresponding to the 11th and 23rd cultivation days,
respectively (see Section 2.4.).

2.3. Cell harvesting and COM extraction

In the subsequent experiments, M. tenuissima cells were har-
vested at the beginning of the STAT phase (19th day) when the
culture reached the values of chl-a~3 mg L~' and ODgg3~2.0. The
cells were separated from the culture media by centrifugation
(5200 rpm, 20 min) (a Centrifuge MPW-350, MED. Instruments,
Poland) and were rinsed with ultra-pure. The cells were then
centrifuged again, with the aim to remove a majority of EOM as well
as medium residuals and finally were re-suspended in ultra-pure
water. Cell concentrations for subsequent coagulation tests were
determined by flow cytometry (see Section S3. in Supplementary
Data — SD). COM was extracted using ultrasonication followed by
filtration as described by Pivokonsky et al. (2014). The acquired
COM sample was considered as a fraction comprising intracellular
(IOM) and surface-retained organic matter (SOM) (Takaara et al.,
2007), and possibly some tightly-bounded EOM as well.

2.4. Cell and COM characterisation

COM was characterised in terms of hydrophobicity, specific UV
absorbance (SUVA), protein portion, apparent MW distribution,
and charge properties by potentiometric titrations (see Section S2.
in SD). Furthermore, cell surface charge was expressed by means of
zeta potential (ZP) (see Section S2. in SD). The presented data
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supports arithmetic means of the analyses carried out in triplicate.
Overall measurement errors do not exceed 5%, for DOC analyses 2%.

The COM sample was divided into hydrophobic (HPO), trans-
philic (TPI), and hydrophilic (HPI) fractions using DAX-8 and XAD-4
resins in series, as described by Pivokonsky et al. (2014). Concen-
trations of the fractions were expressed as DOC portion. For the
determination of SUVA, used as an indicator of aromaticity of the
organics and expressed as a ratio of UV absorbance at 254 nm
(UVas4) to DOC, UVys4 was measured by the UV-vis 8453A
spectrophotometer.

Proteinaceous DOC (DOCp) was determined as the difference
between total DOC (DOCr) and DOC of non-proteinaceous com-
pounds (DOCyp) after precipitating the proteinaceous organic
matter in COM by (NH4)»SO4 as described by Safarikova et al.
(2013).

The COM sample and its proteinaceous and non-proteinaceous
components were fractionated using the Amicon Ultra-15 centrif-
ugal filters of nominal molecular weight cut-offs of 100, 50, 30, 10,
and 3 kDa (Millipore, USA) as described by Pivokonsky et al. (2014).
The MW distribution was expressed as a proportional part of DOC.

Apparent MWs of proteinaceous COM (at unified DOC of
100 mg L) were further determined by HPSEC (1260 Infinity,
Agilent Technologies, USA) using the Agilent Bio SEC-5 100 A and
300 A columns connected in series and coupled with the diode
array detector (DAD) operating at 280 nm. The system was cali-
brated with SEC protein standard mix (BEH450, Waters Corpora-
tion, USA) of MW range from 1355 Da to 1400 kDa. For more
methodical details, we refer to Pivokonsky et al. (2015).

2.5. Application of jar tests

To investigate possible interactions between the M. tenuissima
cells and related COM, and to clarify the probable effect of their
simultaneous removal by coagulation, three types of standard jar
tests were performed and compared:

1) Jar tests with individual components and a coagulant (ferric
sulphate, Fe;(SO4)3-9H50, Sigma-Aldrich, USA), i.e. with COM
concentrations of 3 (COM3), 5 (COM5) and 8 (COM8) mg L™ as
DOC or cell concentrations of 10° (cells10°) and 10° (cells10°)
cells mL~! (average for all tests: 4 x 10° + 2 x 10*and 4 x 10%+ 3
x 10° cells mL~, ODgg3~0.002 and 0.02, respectively);

2) Jar tests with COM/cell mixtures combining the above-
mentioned concentrations and a coagulant;

3) Jar tests with the same COM/cell mixtures without a coagulant.

The selected DOC and cell concentrations are in compliance
with the environmentally-relevant concentrations (Knauer and
Buffle, 2001; Gonzalez-Torres et al., 2014).

First, to optimize coagulant doses, we performed jar tests with
the individual components and coagulant doses ranging from 1 to
16 mg L~ ! as Fe (~0.018—0.286 mmol L~ Fe) at pH values 5.7 and
7.2. These pH values were previously testified as effective for COM
(Pivokonsky et al., 2009) and cell removal (Gonzalez-Torres et al.,
2014), respectively. To evaluate the effect of COM on cell removal
and compare the tests with the individual components and COM/
cell mixtures, the coagulant doses optimized for single COM were
also used during the tests with the COM/cell mixtures.

Due to the dependence of the coagulation process on the reac-
tion pH, coagulation performance was investigated by jar tests with
the optimized coagulant doses in the pH range 3—8 and 2.5—6 for
the tests with and without the coagulant, respectively. The target
pH values were reached by the addition of predetermined amounts
of HCl or NaOH to ultra-pure water with alkalinity pre-adjusted to
1.5 mmol L~ by NaHCOs.

The jar tests were carried out in 2 L jars using an eight-position
variable-speed paddle stirrer (LMK 8-03, [H CAS, Czechia) at labo-
ratory temperature. The operating conditions involved high-
intensity homogenization (shear rate of 400 s—, 1 min) followed
by low-intensity agitation (100 s~!, 30 min) and centrifugation
(3500 rpm, 20 min). The supernatants subject to measurements of
pH, residual Fe, DOC and ODggs. Residual Fe was measured spec-
trophotometrically at 480 nm (UV-vis 8453A spectrophotometer)
using thiocyanate colorimetric agent. DOC and ODgg3 were ana-
lysed as introduced in Section 2.2. Moreover, the samples derived
under optimal reaction conditions were analysed in terms of
apparent MW distribution (see Section 2.4. and Section S1. in SD)
and cell counts by flow cytometry (see Section S3. in SD). Jar tests
carried out in triplicate, exhibited very similar courses. Hence, for
conciseness, we only report the results from one representative
experiment.

3. Results and discussion
3.1. M. tenuissima growth

M. tenuissima growth expressed by chl-a, ODgg3z and DOCgqyp is
depicted in Fig. 1. The growth curve over a 34-day cultivation period
delineates four stages: lag, EXP, STAT, and decline phase, mutually
distinguishable by changes in chl-a and ODggs. The lag phase lasted
for only 2 days. A sharp increase in chl-a indicated the onset of the
EXP phase that lasted until the 19th day of cultivation, when chl-a
stopped increasing while ODgg3 continued to increase moderately
until the 29th day. Based solely on chl-a, the STAT phase took about
9 days with the maximum of chl-a attaining 3 mg L~ .. The decline
phase (chl-a decrease) started beyond the 28th day. Unlike chl-a,
ODgg3 developed rather gradually and reached its maximum of 2.2
during the 29th day. In contrast to chl-a and ODgg3, DOCgopm grew
almost linearly in the course of cultivation reaching its maximum of
273 mg L~" on the 30th day (including initial 210 mg L~! DOC of the
culture medium). DOCgoy course is in compliance with the gradual
EOM release and cyanobacterial decay related to the excretion of
COM (Henderson et al., 2008; Pivokonsky et al., 2014).

3.2. COM characterisation

M. tenuissima characteristics, such as hydrophilic character,
protein portion, as well as MW diversity increasing with the culture
age or prevailing negative ZP fully correspond with those of another
cyanobacterial species Microcystis aeruginosa.
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Fig. 1. Growth curve of M. tenuissima expressed as chl-a, ODgg3 and DOCgopm in
dependence on time.
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As shown in Fig. 2a, COM of M. tenuissima contains predomi-
nantly HPI material (77% as DOC). The TPI fraction comprises 16%
while the HPO fraction only 7%. The largely hydrophilic nature of
COM is in agreement with the values reported for M. aeruginosa,
where HPI fraction accounted for 87% (Pivokonsky et al., 2014).
Moreover, the hydrophilic character of COM as analysed by the
DAX/XAD fractionation is in accordance with the obtained low
SUVA value (~0.5 L mg~! m™!). Similar SUVA values, i.e. 0.5 and
04 + 02 L mg ! m!, were also determined for COM of
M. aeruginosa by Liao et al. (2015) and Pivokonsky et al. (2014),
respectively.

In terms of proteinaceous content, COM of M. tenuissima
comprised 43% proteinaceous (expressed as DOCp) and 57% non-
proteinaceous matter (DOCnp) (Fig. 2b). Although cyanobacteria
generally contain higher protein portion in comparison to green
algae (Pivokonsky et al., 2014), the proteinaceous content of
M. tenuissima COM is slightly lower compared to M. aeruginosa
(DOCp 63%) (Pivokonsky et al., 2014).

Both proteinaceous and non-proteinaceous cellular matter were
divided into MW fractions of <3, 3—10, 10—30, 30—50, 50—100, and
>100 kDa as illustrated in Fig. 2c. Proteinaceous COM includes
mainly high-MWs (>100 kDa) accounting for 86% in terms of DOC.
On the contrary, non-proteinaceous matter prevailed in low-MW
fractions <3 kDa (41%) and 3—10 kDa (39%). The insignificant con-
tent of low-MW proteinaceous matter could be assigned to the
limitations of the salting out method to isolate amino acids. This
results in an overestimation of the non-proteinaceous low-MW
portion (Pivokonsky et al., 2014).

Furthermore, the results of HPSEC analyses of COM and EOM
samples at the EXP and STAT show that the MW diversity rose
throughout the culture growth (Fig. 2d). While EOM consisted
mainly of low-MWs <10 kDa, the MW distribution of COM ranged
from less than 1.4 to more than 1400 kDa. These data are in
accordance with Pivokonsky et al. (2014) who identified
M. aeruginosa COM proteins of apparent MWs from approx. 1 to
1077 kDa.

3.3. Jar tests

3.3.1. Coagulation of individual components

In the test with coagulant doses ranging from 1 to 16 mg L~! Fe,
the highest removals were achieved in the ranges 2—16, 4—16 and
7-16 mg L' Fe for COM3/5/8, respectively, and 2—16 and
4-16 mg L' Fe for cells10°/10° respectively. The obtained

removals did not improve with increasing coagulant dose (up to
16 mg L~ ! Fe). In the subsequent tests (at pH values ranging from 3
to 8), we used the coagulant doses of 3, 5 and 8 mg L~! Fe for COM3/
5/8, respectively, coincidently equal to 1 mg Fe mg~! DOC, and of 3
and 5 mg L~ Fe for cells 10°/10°.

To clarify the effect of simultaneous coagulation on
M. tenuissima cell and COM removal efficacy, we carried out jar tests
starting with single components. In the tests with COM3/5/8, the
maximum DOC removal rates increased from 43% to 53% with the
increasing COM concentration. The optimum pH range extended
slightly with the increasing COM concentration from pH 5.4—6.2 to
5.1-6.4 (Fig. 3a—b, Table S1 in SD). This pH range overlaps with the
optimum for coagulation of M. aeruginosa COM determined by
Pivokonsky et al. (2009).

In comparison to the single COM, the cells of M. tenuissima were
coagulated much more effectively at higher pH values — within pH
6.0—7.7 and with maximum cell removal rates of 99% for both initial
cell concentrations (Fig. 3¢, Table S1). Comparably, high removal
rates of algal or cyanobacterial cells were achieved in other studies.
For instance, Gonzalez-Torres et al. (2014) reached even 99.7%
removal of M. aeruginosa (initial 8 x 10° + 4 x 10° cells mL~!, at pH
6 and 7 using 1 and 7.3 mg L™! Fe (FeCls), respectively). Similar rates
were achieved in the studies which focused on harvesting algal
biomass, in these cases at lower pH values and considerably higher
coagulant doses. Garzon-Sanabria et al. (2013) reported nearly
100% flocculation efficacy of the marine microalga Nannochloropsis
salina (initial 1 x 107 cells mL™~! ~ OD759 = 3, pH 5.3,10 mg L~ ! Al
(AICl3)). Vandamme et al. (2012) then reached again nearly 100%
yield of the green alga Chlorella vulgaris (0.25 g L~ biomass con-
centration, pH 5.5, 20 mg L' Al (Aly(SO4)3-18H20)).

3.3.2. Coagulation of cells in presence of COM

Regarding the tests with COM/cell mixtures, the highest re-
movals were achieved in the ranges 2—16, 3—16 and 4—16 mg L' Fe
for both cell concentrations mixed with COM3/5/8, respectively.
These doses were even lower than those for single COM coagula-
tion. Nevertheless, we applied the same coagulant doses as for
single COM3/5/8 (i.e. 3, 5 and 8 mg L' Fe) in order to investigate
how COM affects the coagulation of cells.

As shown in Fig. 4, the highest removals of both cells and COM
were reached at almost the same pH range as for single COM. This
outcome suggests that COM contributed to the cell removal below
pH 6, where single cells were not coagulated. Similarly to the single
COM tests, the optimum pH range slightly widened with the
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Fig. 2. Characterisation of M. tenuissima COM in terms of a) HPO/TPI/HPI fractions, b) (non)proteinaceous content, c) MW fractions expressed as DOC portion, d) apparent MW

distribution of COM and EOM at EXP and STAT growth phases (sample DOC 100 mg L™1).
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increasing concentration of organics from pH 5.6—6.3 to 5.0—6.2 for
COM3+cells10° and COM8-cells108, respectively. Furthermore, the
achieved DOC removal rates were comparable to the single COM
coagulation, i.e. 37—57% rising with the increasing initial COM
concentration (Table S1). The high cell removal rates (up to 99%)
remained unchanged. It should be noted that DOC concentrations
slightly rose at acidic pH values, which may be attributed to the cell
damage and COM release. This is supported by Zhang et al. (2012)
who observed destroyed cells of M. aeruginosa already at pH 5.
Additionally, we observed a noticeable decrease of both DOC
and ODggs at acidic pH for all COM/cell combinations. This phe-
nomenon occurs at pH values 3.4—3.9, depending on the initial
concentration of the organics (Fig. 4, Table S1). Up to 53% of DOC

and 99% of cells was removed, which corresponds to the average
efficiencies in the single components’ tests. However, the residual
Fe almost reached the initial coagulant concentrations, which in-
dicates that the coagulant is probably not responsible for DOC/
ODggs/cell reduction in the acidic pH region. This points to the
existence of interactions between COM and cells that result in
coagulation. This idea is also supported by the fact that a lower
dosage of the coagulant was sufficient for coagulation of COM/cell
mixtures compared to the single COM. To understand better these
interactions, we also performed jar tests without a coagulant. These
tests revealed that coagulation with no coagulant was effective at
pH around 4 (Fig. 5, Table S1). Similarly to the experiments with the
coagulant, COM removal rates rose with the initial DOC from 36% to
46% and cell removals again attained 99%. These results are in
accordance with previously conducted studies by Safarikova et al.
(2013) and Pivokonsky et al. (2015) which proved the ability of
M. aeruginosa COM proteins to coagulate kaolin and humic sub-
stances, in the absence of a coagulant at similar pH values (<4.5
and < 4.0, respectively). A benefit of AOM release in consequence of
pre-oxidation with chlorine was documented by Ma et al. (2012).
Chlorine exposure of 1 and 4 mg L' increased DOC from 4.4 to 5.6
and 5.8 mg L~! improving M. aeruginosa cell removal from 65% to
75% and to almost 95%, respectively (initial 2.2 x 10° cells mL~", pH
8.4, 41 mg L' Al (AICI3-6H,0)). In the case of ozone, the dose of
1.2 mg L~ ! O3 caused the DOC release of 0.8 mg L~! reducing the
green alga Scenedesmus quadricauda cell counts by 99% compared
to 83% without pre-oxidation (initial 2 x 10% cells mL™!, pH 6.5—6.8,
1 mg L~! Al (PACI)) (Plummer and Edzwald, 2002).

3.4. DOC and cell removability

Cell stability is generally related to the electronegativity of the
cell surface (Henderson et al., 2010; Ma et al., 2012). This explains
the easy combination of algal cells with the commonly applied
coagulants bearing a positive charge. M. tenuissima cells carry a
negative charge within the entire studied pH range 3—9 with ZP
values below —35 mV, for pH tending to 9 it continuously drops to
nearly —60 mV. This decrease can be attributed to the gradual
ionisation of surface-retained organic matter (SOM) bound onto
cells surface (Takaara et al., 2007; Henderson et al., 2010).

On the contrary, COM comprises a wide spectrum of compounds
exhibiting different removal efficiencies (Pivokonsky et al., 2009).
The overall relatively low COM removal rates (less than 60% DOC)
can be attributed to the predominance of HPI fraction (77% as DOC)
in the cellular matter, since hydrophilic compounds are generally
less prone to coagulation compared to hydrophobic matter
(Ghernaout et al., 2010; Ma et al., 2012). The COM treatability cor-
responds to removal efficiencies observed for largely hydrophilic
(57% or more) AOM derived from other species in the study by
Henderson et al. (2010). AOM of C. vulgaris, M. aeruginosa and
Asterionella formosa (diatom) at concentrations of 1.5 + 0.15,
0.6 + 0.01 and 1.0 + 0.2 mg L™! as C showed 71%, 55% and 46%
removals, respectively. Furthermore, COM of M. tenuissima com-
prises a high portion of non-proteinaceous matter (57% DOC) of
mainly low-MW organics (80% DOC <10 kDa). The compounds with
low MWs proved to be less amenable to coagulation if they are
either of saccharide (Bernhardt et al., 1985) or proteinaceous nature
(Pivokonsky et al., 2012). This tendency was further confirmed for
the proteinaceous part of COM by HPSEC analyses before and after
coagulation, under suitable reaction conditions (Fig. S1). COM of
MWs >10 kDa was entirely removed, while lower MWs remained
uncoagulated. Interestingly, recorded HPSEC spectra of residual
proteinaceous COM were almost identical for all types of jar tests,
i.e. COM and COM/cell mixtures in presence and absence of a
coagulant. This implies that dominantly high-MW (>10 kDa) COM
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participates in the interactions with cells.
3.5. Interaction mechanisms

What seems to be decisive for an effective coagulation is the
charge distribution in the system (Bernhardt et al, 1985;
Henderson et al., 2010; Pivokonsky et al., 2012).

At the optimal pH for COM removal (approx. 5—6), COM suc-
cumbs to gradual charge neutralisation (CN) by polynuclear
cationic Fe-hydroxopolymers (Pivokonsky et al., 2012), since CN
becomes significant at a slightly acidic pH and relatively low
coagulant doses (e.g. pH 4—6, 0.01—1.0 mmol L~! Fe for inorganic
colloids) (Johnson and Amirtharajah, 1983; Duan and Gregory,
2003). At this pH, COM bears a significant amount of negatively
charged functional groups, assigned to the dissociation of prevail-
ingly carboxyl groups as derived from a titration curve depicted in
SD (Fig. S2). Adding a coagulant results in its attraction with
deionised functional COM groups and facilitation of COM destabi-
lisation. Moreover, limited removal was obtained also at around
neutral pH 6—7. At this pH, COM can adsorb onto the cationic sur-
face of colloidal Fe-oxide-hydroxides, forming not only hydrogen or

covalent bonds, but also facilitating ligand exchange (Bernhardt
et al,, 1985). Nevertheless, several studies (Bernhardt et al., 1985;
Pivokonsky et al., 2009, 2012) showed that the extent of AOM
removal by adsorption mechanism is usually less significant, and
adsorption is effective only if the ratio between DOC and a coagu-
lant is relatively low (e.g. <0.33 for Fe). As the presented coagula-
tion tests were performed under DOC:Fe ratio ~1, we considered
adsorption as a marginal coagulation mechanism. Within the given
pH range (6—7), gradual restabilisation takes place instead; COM
extensively occupies Fe-oxide-hydroxide surface, raises its negative
charge density, and causes consequential charge reversal and sta-
bilisation (Bernhardt et al., 1985; Pivokonsky et al., 2012).

To remove the cells, optimum pH conditions are found at about
neutral pH (6—8), i.e. below or close to the Fe-oxide-hydroxides
point of zero charge (pzc), attaining a slightly lower value than
pH 8 (Duan and Gregory, 2003). These conditions indicate that the
single cells preferably interacted with Fe-oxide-hydroxides. This
phenomenon can be explained by the relatively large size of both
cells and Fe-oxide-hydroxide particles. The Fe-oxide-hydroxides
with moderately decreasing positive charge can adsorb onto the
cell surface in accordance with the charge neutralisation
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mechanism. On the other hand, relatively smaller Fe-
hydroxopolymers would occupy the entire cell surface, stabilise
it, and then prevent the particles from interacting. Although
Garzon-Sanabria et al. (2013) reported the CN and sweep floccu-
lation (SF) mechanisms at pH 5.3 using 50 mg L~! AICl; and
Gonzalez-Torres et al. (2014) found the CN and CN-SF at pH 6 and 7
using 1 mg L' Fe or SF mechanisms at pH 6 and 7 using 7.3 mg L™
Fe, it seems that SF tends to be more influential at higher coagulant
doses and under neutral to alkaline pH (Johnson and Amirtharajah,
1983; Duan and Gregory, 2003).

Optimum coagulation of the COM/cell mixture is found around
pH 5—6, for which both COM and cells are negatively charged.
Therefore, they electrostatically interact with cationic Fe-
hydroxopolymers. In addition, COM polyanions themselves prob-
ably attached the negative cell surface, thereby favouring agglom-
eration of the cells. The adsorption may involve electrostatic
attractions, hydrogen or covalent bonding (Bernhardt et al., 1985).
Ligand exchange between COM and cell surface functional groups
as described for adsorption of EOM at quartz particle surfaces
(Bernhardt et al., 1985) would be implausible in the case of bio-
logical surfaces. Due to covalent bound to carbon, the surface hy-
droxyl groups do not participate in the exchange (Campbell et al.,
1997). Fe-hydroxopolymers may then bind to either vacant areas
remaining on the cell surface or to COM bound to the cell surface.
Particles charged this way can then aggregate through inter-
particle bridging, when a positively charged area interacts with a
negatively charged domain of another particle. Inter-particle
bridging is particularly ascribed to high-MW COM (Henderson
et al,, 2010; Ma et al., 2012). These polymer chains (both adsor-
bed COM and SOM at the cell surface) may protrude from the cell
surface, overcome the repelling electrostatic forces of particles, and
thus trigger their aggregation (Bernhardt et al., 1985; Henderson
et al., 2010; Ghernaout and Ghernaout, 2012). The enhancing ef-
fect of AOM on the particle removal was already reported by

Bernhardt et al. (1985). Low EOM concentrations (0.1—2 mg L! C)
of the green alga Dictyosphaerium pulchellum served as non-ionic
and anionic polyelectrolytes and consequently improved floccula-
tion of quartz particles and even decreased the coagulant demand.
By contrast, increased EOM (>2 mg L™! C) required a triplicate dose
of iron (FeCls-6H,0). Similarly to harvesting N. salina at EOM car-
bohydrate concentration of 8—19 mg L~! C (requiring 3-fold more
AlCl; than for single cells, pH 5.3, 90% flocculation efficacy)
(Garzon-Sanabria et al., 2013), Vandamme et al. (2012) needed
almost 6-fold more alum (115 mg L~! Al) to flocculate C. vulgaris in
presence of EOM carbohydrates (5 mg L~! C) (pH 5.5, 85% floccu-
lation efficacy). Contrarily, our study proved that COM concentra-
tions of 3—8 mg L~! DOC also contribute to cell removal and favour
the aggregation at relatively low Fe doses, under optimized reaction
pH. This discrepancy of the above results can be assigned to the
dissimilarities between EOM and COM, such as protein and non-
protein content (Henderson et al., 2008; Pivokonsky et al., 2014).
Moreover, the previous studies did not take into consideration AOM
as the only coagulant and the effect of pH adjustment. Hence, they
performed the tests at only one or two selected pH values and
mostly considered the dependence of coagulant doses.

The high removal rate of both COM and cells for pH < 4.5 is
supported by the studies on adsorption of humic/fulvic acids on
algal cell surfaces. Campbell et al. (1997) and Knauer and Buffle
(2001) observed an increased accumulation of the organic matter
at the cell surface when the pH decreased to 4. This effect probably
resulted from the amphoteric character of COM as indicated by the
titration curve (Fig. S1). If the pH drops close to or below the
dissociation constants of carboxyl groups, COM is progressively
protonated and as a consequence, the electrostatic repulsions with
cells decrease. COM is then attached to the cells and reduces their
still negative net surface charge. Campbell et al. (1997) proposed
adsorption mechanisms of humic/fulvic acids onto algal cell surface
through electrostatic interactions and hydrogen bonding, which
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can also be applied in the case of hydrophilic functional groups,
present in COM and on the cell surface. Such charged particles may
further interact by inter-particle bridging and enable an aggrega-
tion as discussed above. Campbell et al. (1997) further discussed the
potential of hydrophobic bonds. However, considering the highly
hydrophilic COM nature, in contrast to the hydrophobic humic/
fulvic substances, this interaction would require substantial alter-
ation of COM conformation. This is why hydrogen bonding seems to
be a more plausible mechanism.

For a pH exceeding the optimum, all components turn gradually
more negative, which results in electrostatic repulsions in the
system. The sharp increase of ODgg3, observed in the tests with
single cells at pH around 5.5 and in the tests with COM/cell mix-
tures at pH 4.5—5.0, is attributable to the influence of iron on ODgg3.
At this given pH, Fe progressively hydrolyses and forms initially
stable colloidal precipitates (Duan and Gregory, 2003). The increase
in colloidal Fe raises ODgg3 following the decrease of residual Fe.
With the pH approaching the pzc, the Fe particles become less
stable which evokes their aggregation. This explanation is sup-
ported by the analogous behaviour of alum, whose stable pre-
cipitates increased turbidity at about pH 4.5 as seen in the study
involving hydrolytic reactions of alum (Van Benschoten and
Edzwald, 1990).

4. Conclusion

M. tenuissima COM significantly affects the optimum pH for cell
coagulation and interaction mechanisms. While the cells preferably
adsorb onto Fe-oxide-hydroxides at about neutral pH (6.0—7.7), the
COM/cell mixtures undergo charge neutralisation by Fe-
hydroxopolymers within moderately acidic pH (5.0-6.5).
Although elevated EOM concentrations have been reported to
disturb coagulation and increase coagulant demand, our findings
demonstrate that COM serves as a cationic polymer flocculation aid
in M. tenuissima cell suspension. In addition, the simultaneous
coagulation slightly lowers the coagulant doses under optimized
pH conditions. This supportive effect arises mainly from the inter-
particle bridging of organic matter attributable to the involve-
ment of particularly high-MWs organics (>10 kDa) in the adsorp-
tion processes. COM may bridge cells mainly on the basis of
hydrogen bonds and electrostatic interactions. These attractive
forces induce COM/cells coagulation even in the absence of a
coagulant at low pH (<4). Nevertheless, to ensure an efficient
treatment of algal-laden waters, we suggest adjusting the reaction
pH to the interval 5—6, since the coagulation of cells at more acidic
pH may disrupt the cell integrity. However, COM/cell simultaneous
coagulation/flocculation could be applicable to the flocculation-
based harvesting of algal cultures for e.g. biofuel purposes. Its po-
tential for exploiting this mechanism at WTPs or bio-resource
technologies will thus require further investigation.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2017.05.070.
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This supplementary data contains the following sections, figures and a table:

S1. MW distribution

S2. Charge characterisation

S3. Cell counting

Fig. S1 Apparent MWs distribution of M. tenuissima COM before and after coagulation.

Fig. S2 Titration curve for M. tenuissima COM.

Table S1 Optimum coagulation conditions and removal rates for COM and/or cells of M. tenuissima.

S1. MW distribution

Prior to the MW analyses, the samples obtained after coagulation were concentrated with a rotary
evaporator (23 °C, 1.9 kPa) (Laborota 4002 control HB/G1, Heidolph Instruments, Germany) to reach
unified DOC of 100 mg L™ convenient for HPSEC performance. Peaks of low-MW compounds were
found to be higher after coagulation and pre-concentration, in comparison to the raw COM sample
(Fig. S1). This could be explained by the fact that the process of coagulation changed the content and
ratio of proteinaceous compounds of different MWs in the samples.
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Fig. S1 Apparent MWs distribution of M. tenuissima COM before and after coagulation (sample DOC
100 mg LY.
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S2. Charge characterisation

Zeta potential measurement

The cell suspension at the stationary growth phase was subjected to zeta potential measurement by
a Zetasizer Nano-ZS (Malvern, UK) in a model environment (1 mM KCl, pH 2-9) at 25 °C. All samples
were measured six times with the deviation lower than 10%.

Potentiometric titration

The pH-dependent charge conditions of COM were expressed as the number of the functional groups
present, that are able to release or accept a proton depending on pH and therefore bear a charge.
These functional groups were quantified by potentiometric titration according to the methodology
described in Safarikova et al. (2013). The COM sample (DOC 200 mg L™) measured at volume of 500
mL was adjusted to an electrolyte concentration of 0.05 M NaCl and pH value of 11 by NaOH. The
solution was then titrated to pH 2 using HCl. The amount of titratable acidic groups present in COM
was determined as the difference between the COM and the blank titration curve. The pH value was
measured using a pH meter SevenCompact™ pH/lon (electrode InLabR Expert Pro, Mettler Toledo,
Switzerland).

The chemical heterogeneity of the complex COM mixture complicates the attribution of
detected dissociation constants (pK,) and equivalence points (pEq) of specific functional groups. Their
identification as well as quantification was beyond the scope of this study. As can be observed on the
presented titration curve (Fig. S2), four buffer regions were identified. The charge equivalent of HCl
added at the moderately basic pH range (11.0-8.1 around pK,=9.8) was assigned to the number of
functional groups dissociating in alkaline pH, such as —OH, —NH;"*, =NH,", and =SH (Chang, 2005). The
change of charge in the neutral-acidic pH range 8.1-2.0 with pK,=6.4, 3.0 and 2.4 could be entirely
attributed to the presence of a carboxyl region (e.g. proteinaceous aspartic acid with terminal a- and
side B-COOH of pK,=2.09 and 3.86 and glutamic acid with a- and y-COOH of pK,=2.19 and 4.25
(Chang, 2005) or of saccharide alginic acid, composed of poly-D-mannuronic and L-guluronic acid
with —COOH of pk,=3.38 and 3.65 respectively (Haug, 1961)).

The COM titration curve shows that 1 g DOC contains almost 15 mmol of -COOH dissociating in
the pH range 2.0-8.1, and about 4 mmol of basic functional groups dissociating in the pH range 8.1-
10.6, depending on their respective pK, values. Compared to our data for the entire COM, Kopecka et
al. (2014) recorded for proteinaceous COM of M. aeruginosa nearly 10 mmol of titratable carboxyl
groups per 1 g DOC in the pH range 7.1-1.5. Similarly, alginate, a polysaccharide produced by some
algae and bacteria, was also estimated to contain about 10 mmol of carboxyl groups per 1 g C
(Gregor et al., 1996).
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Fig. S2 Titration curve for M. tenuissima COM with dissociation constants (pKy, pK,, pKs, pKs) and
equivalence points (pEqy, PEQ,, PEQs, PEQ.) assigned to different functional groups.
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S3. Cell counting

The initial cell concentration as well as the residual cell counts measured after the coagulation tests,
performed under optimised reaction conditions, were analysed via flow cytometry by means of an
Accuri C6 cytometer (BD Accuri Cytometer Inc., USA) equipped with the Solid State Blue Laser (20
mW, 488 nm). To distinguish desirable particles from the background, we used a combination of red
fluorescence channel (FL4, 675+£12.5 nm), forward scatter (FSC, determining volume parameter) and
side scatter (SSC, describing morphological complexity). The sample flow rate was set at 10 pL min™.
To check operational consistency, we used standard CountBright™ Absolute Counting Beads (7 um)
(Thermo Fischer Scientific, USA). The measurement deviation was found to be less than 10% within
the triplicate analysis.

Table S1 Optimum coagulation conditions and removal rates for COM and/or cells of M. tenuissima
with and without a coagulant.

Jar test COM/cell optimum max DOC removal max cell removal
concentration’ pH (-) rate (%) rate (%)’
single COM 3 5.4-6.2 43 -
5 5.3-6.1 46 -
8 5.1-6.4 53 -
single cells 10° 6-7.7 - 99
10° 6-7.7 - 99
COM/cell 3/10° 5.6-6.3 37 5* 98 99*
mixtures 5/10° 5.3-6.4 40 32* 99 99*
8/10° 5.0-6.4 47 43* 99 98"
3/10° 5.2-6.2 44 25% 99 99*
5/10° 5.2-6.4 48 34* 99 99*
8/10° 5.0-6.2 57 53* 99 99*
COM/cell 3/10° 3.7-4.4 36 97
mixtures 5/10° 3.7-4.5 40 98
without Fe 8/10° 3.7-4.6 44 97
3/10° 3.6-4.4 31 99
5/10° 3.7-4.5 44 99
8/10° 3.8-4.4 46 99

“Initial COM (mg L™ DOC) and/or cells concentrations (cells mL™).

“Removal rates calculated as a DOC percentage ratio before and after the coagulation.

'Cell removal rates gained from flow cytometry calculated as a percentage ratio before and after the
coagulation under optimum conditions.

*Removal rates gained at pH <4.
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