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Abstract:

The aim of this study was to compare the coaguiadind flotation of different algae
species with varying morphology and algogenic oigamatter (AOM) compaosition
in order to link physical and chemical algae chemastics to treatmentMicrocystis
aeruginosa (cyanobacteria)Chlorella vulgaris (green algae)Asterionella formosa
andMelosira sp. (diatoms) were treated by coagulation withmahium sulphate and
flotation. The AOM was extracted and treated sajedyy. Analyses included cell
counts, dissolved organic carbon, aluminium redidunal zeta potential. Removal
efficiencies in the range 94-99 % were obtainedefach species. Cells, AOM and
aluminium were concurrently removed at a coagutkrse that was related on a log-
log basis to both cell surface area and total ehadensity, although the relationship
was much stronger for the latter. This was aittel to a significant proportion of the

coagulant demand being generated by the AOM. pications of such findings
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are that relatively simple charge measurementdeamsed to understand and control

coagulation and flotation of algae.

Introduction

Algae are ubiquitous in rivers and reservoirs thigpply drinking water treatment
works. On a seasonal basis, algae population demssn soar, challenging the
removal efficiency of treatment processes. A commemployed treatment chain for
algae removal is coagulation-flocculation-dissolaadflotation (DAF). During DAF
treatment, negatively charged, microscopic bubldedide and attach to influent
particles, floating them to the surface where thsy/removed. Successful flotation is
reliant upon influent particles having both a miomn particle diameter of
approximately 10-3Qum (Edzwald, 1995), and a surface charge that appssa
neutral (Han et al., 2001), equating to a zetardi@keof approximately -10 mV to +5
mV (Henderson et al., 2008d), to ensure effectiagtigde-bubble collision and
attachment efficiencies respectively. Algae areatiggly charged and many common
species are less than 10n in diameter therefore coagulation and floccutatio
processes are included to adjust the size and elwdiriipe algae cells accordingly. If
coagulation is unsuccessful, poor flotation canuoaghich results in high coagulant
and cell residuals causing downstream filter blgekar breach (Henderson et al.,
2008a, Henderson et al., 2008b). Residual algdatemaan form disinfection by-
products (DBP) such as trihalomethanes (THM) (Céeil., 2008, Nguyen et al.,
2005) or be responsible for offensive taste andibdompounds or toxic metabolites

(Haider et al., 2003, Rosen et al., 1992).
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Coagulation of algae cells can be difficult as suteof their widely variable
physical and chemical characteristics (Hendersoal.e2008b), including complex
cell morphologies, such as spinal appendages piageliose contact of cells
(Bernhardt and Clasen, 1991); cell motility, enadpliiberation from flocs (Pieterse
and Cloot, 1997)yariable surface charge (Henderson et al.,, 200&8dglgogenic
organic matter (AOM) sterically interfering to pext agglomeration, increasing the
negative charge at the cell surface and complewitiy metal coagulants thus raising
residual coagulant concentration (Bernhardt et 285, Pivokonsky et al., 2006,
Takaara et al.,, 2004). These characteristics gHyeact to increase coagulant
demand and it has been suggested that conseqeeatijylant cannot be added on a
stoichiometric basis (Bernhardt et al., 198%5,is usual for inert, inorganic particles
(Stumm and O’Melia, 1968). Earlier studies sugggsthat only microscopic,
spherical cells can be coagulated according togehareutralisation mechanisms
(Bernhardt and Clasen, 1994, Tilton et al., 19TRistallowing optimum coagulant
dosage to be estimated stoichiometrically. Howetlegse conclusions resulted from
studies investigating coagulation followed by diréitration and may not apply for
flotation processes. While numerous studies onflibtation of algae have been
conducted (Edzwald, 1993, Kempeneers et al., 208ikeira and Rosa, 2006), no
studies have investigated the link between coaguidlotation and algal
characteristics. Specifically, the impact of valgabmorphology and AOM
composition on coagulation and removal by flotatrequires investigation and this
will be the focus of the current paper.

The authors recently undertook a study examiniegd®M characteristics of four
algae species CGhlorella wvulgaris (micro, spherical, green algaeMicrocystis

aeruginosa (micro, spherical cyanobacteridsterionella formosa (large, elongated,
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colonial diatom), andMelosira sp. (large, filamentous diatom) (Henderson et al.,
2008c) (Table 1). The major differences in AOM @teristics were associated with
charge density, hydrophobicity, protein content ammecular weight (MW). AOM
from C. wulgaris had a charge density of 3.2 meg and a hydrophobicity of 11 %
whereas that ofM. aeruginsosa had a charge density of 0.1 med @nd a
hydrophobicity of 30 %. Much less protein was présn AOM extracted from the
diatoms -A. formosa andMelosira sp., compared witle. vulgaris andM. aeruginosa.
Additionally, C. vulgaris andM. aeruginosa had larger MW AOM in comparison to
A. formosa and Melosira sp., where 45 % dfl. aeruginosa AOM was greater than
500 kDa in comparison to less than 10 %fvulgaris AOM (Henderson et al.,
2008c). It is anticipated that the differences nrapact considerably on coagulant
dose for optimum removal. Hence, the major obyectf this study was to treat the
aforementioned algal cultures using coagulationeildation-DAF and link the
coagulation conditions required for treating egobcges by flotation to algal physical
and chemical character.

Insert Table 1

Materials and Methods

Algae Cultivation. The following freshwater algae cultures were otgd from the
Culture Collection of Algae and Protozoa (CCAP),b&D, Scotland):Chlorella
vulgaris (211/11B — Delft, Holland)Microcystis aeruginosa (1450/3 — Esthwaite
Water, Cumbria, England)Asterionella formosa (1005/9 - Esthwaite Water,
Cumbria, England), whil&elosira sp. (JA386 — Redesmere, Cheshire, England) was

obtained from Sciento, Manchester, UK. Growth ¢tods have previously been
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described (Henderson et al., 2008c). Algae wergelséed for experiments in the

early stationary phase.

AOM Extraction. AOM was extracted from all bulk algae suspensioith the
exception of Melosira sp. by centrifuging at 10,000 G for 15 minutes and
subsequently filtering the supernatent through7aut filter (Whatman GF/F glass
microfibre). AOM therefore comprises both exttadar organic matter (EOM), any
intracellular organic matter (IOM) that may haveb@@resent, and also loosely bound

organic matter, which may be dislodged via cengation (Henderson et al., 2008c)

Algae Cdl Characterisation. The algae systems were assessed using the fotjowi

methods:

a) Cell concentration — a light microscope was usethémually count cells with a
haemocytometer and Sedgewick Rafter cells as apptep Samples were left to
settle onto the grids for 15 minutes. At least &6l)s were counted in triplicate.

b) Cell surface area — images of cells were obtainedoscopically and sized using
a scale generated using a graticule. The dimessi@ne used to produce surface
areas using basic geometric shapes as foll@vswulgaris and M. aeruginosa
were sized using a spherical surface arear% A. formosa andMelosira sp. were
sized using a cylindrical surface aream?2+ 2trh. In each case the dimensions
of 100 cells were measured.

c) Charge density — The back titration method utilisgds adapted from an
established method (Kam and Gregory, 2001). Theifspgrocedure was that
utilised for determining AOM charge density wasvoesly reported (Henderson

et al., 2008c). Three different volumes of algazeranalysed.
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d) Zeta potential — A Malvern Zetasizer 2000HSA (Mah;eUK) was utilised to

determine the zeta potential of the system.

Coagulation and Dissolved Air Flotation. Stock algae suspensions were diluted
prior to treatment to a concentration more oftesepbed in supply reservoirs using
deionised water to which 0.5 mM NaHCé&nd 1.8 mM NaCl had been added. See
Table 2 for initial algal concentrations. Benclalsccoagulation and flotation was
undertaken using an EC Engineering Dissolved Aatdtion Batch Tester, Model
DBT6 (Alberta, Canada). Aluminium sulphate coagulaas added to 1 litre of algae
suspension at the beginning of a 2 minute rapid (@0 rpm), during which pH was
adjusted to either pH 5 or 7 using 0.1 M NaOH ot ® HCI as required.
Coagulation and flotation experiments were undemnakt pH 7 for all algae species
and additionally at pH 5 fa¥. aeruginosa andC. vulgaris. It has previously been
observed that algae may not start agglomerating) nnatre than 7 minutes of slow
mixing has passed (Henderson et al., 2006), atatbiuo a lag time in charge
neutralisation (Clasen et al., 2000). For thisogaflocculation time was 15 minutes
of slow mixing (30 rpm) rather than 5 minutes whishusually more normal for
flotation processes. After flocculation, the pleddwere gently removed and air
saturated deionised water with 0.5 mM NaH@@d 1.8 mM NaCl was supplied at a
pressure of 450 kPa and recycle ratio of 12 %. dlgae-bubble agglomerates were
allowed to float for 10 minutes.

Samples of the clarified water were obtained framgling ports located 5 cm
from the vessel base for analyses by cell count zetd potential as previously
described and DOC using a Shimadzu TOC-5000A aealysAll analyses were

performed in triplicate.
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The same coagulation-DAF experiment was also uakient for AOM
extracted fromC. vulgaris, M. aeruginosa andA. formosa at pH 7. Samples were
adjusted to approximately 5 mg*lby dilution using deionised water with 0.5 mM
NaHCQ and 1.8 mM NaCl. At the early stationary phasdl, @oncentrations forC.
wulgaris, M. aeruginosa andA. formosa were 1.2 x 10cells mL*,1.5 x 10 cells mL*
and 2.9 x 10cells mL* respectively., thus requiring the extraction opr@pximately
140 mL, 350 mL and 900 mL respectively of algae jpertest to provide sufficient
AOM.  Subsequent analyses included residual alwmnby atomic absorption
spectroscopy using a Perkin ElImer AAnalyst 800 KirelEImer, Beaconsfield, UK),

DOC and zeta potential.

Results and Discussion

Algae System Characterisation

M. aeruginosa andC. vulgaris cells are microscopic spherical cells and theeefad
far greater initial cell concentrations and smaitetividual cell surface areas when
compared with the much larger diatoms/Aofformosa and Melosira sp. (Table 2).
Charge equivalents, presented on a per cell basi® in the range 0-1.88 peq ¢ell
where M. aeruginosa had the smallest charge density aMdosira sp. the largest.
The charge density of each species increased mgteasing pH. This is attributable
to dissociation of carboxylic acid groups, similarthat observed for natural organic
matter (NOM) (Kam and Gregory, 2001). AOM concatitn for the cell
concentrations examined in this study were in #rege 0.6-1.5 mgtas C. By

comparison of the charge density of AOM alone (€abl and the whole system of
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cells and AOM, an estimate of the contribution baige by AOM was calculated.
AOM was found to contribute 84%, 5% and 30% of ¢harge of the system f@.
vulgaris, M. aeruginosa andA. formosa respectively while foMelosira sp. the AOM
had negligible charge density (Table 2).

Insert Table 2

Algae-Coagulant Interactions

A log linear relationship between the ratio of twagulant dose (as aluminium) to
cell charge equivalence (coagulant.charge ratid) the zeta potential was observed
for all four algae systems coagulated at pH 7 (fedy). This relationship is relevant
as it quantifies the effectiveness of coagulanbentralising the charge of the algal
system. Figure 1A depicts the relationship whesgatation the entire algal system,
including cells and associated AOM, while Figure diiws the relationship when
coagulating only AOM extracted by centrifuging diittation. The gradients of the
log-linear relationships in Figure 1A were 22.8,683.5 and 11.0 mV meq fdor

C. wulgaris, M. aeruginosa, A. formosa andMelosira sp respectively, indicating that
the coagulant was significantly more effective etitnalising the charge &. wulgaris

in comparison to the other three species. The uwaagcharge ratios required to
achieve neutralisation were 183, 456, 1290 and1 2ii§ med for Melosira sp.,C.
vulgaris, A. formosa and M. aeruginosa respectively. These ratios are comparable
with the literature as one study determined that #pherical cyanobacteria,
Synechocystis minuscular, required a coagulant (Al):charge ratio of 1400 meg’ at

pH 6 for complete neutralisation (Bernhardt ands€ig 1994).
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The resulting gradients for Figure 1B were 16.3a8@ 11.5 mV meq ngfor
C. wulgaris, M. aeruginosa andA. formosa respectively and thus, while the gradient
obtained forA. formosa was very similar to that observed for the entystem, those
of C. wulgaris andM. aeruginosa were less than and greater than those obtained for
the entire system, respectively. The coagulantgshamatio required to achieve
neutralisation foC. vulgaris was 263 mg meyj as opposed to the much larger values
of 2426 and 6017 mg mégfor A. formosa and M. aeruginosa respectively. The
coagulant.charge ratio was therefore 1.7 times ldssn that required for
neutralisation of the entir€. vulgaris system while that ofA. formosa and M.
aeruginosa was 1.9 and 2.2 times greater.

Insert Figure 1

In general, differences observed in zeta potensatoagulant dose curves are
explained in terms of varying pH, charge densitycomplexation of coagulant.
However, each experiment was conducted at the p&hand the coagulant dose was
normalised against the charge density of the abg@#€OM. Hence, the different doses
required to achieve a neutral zeta potential aratlignt reflect a difference in
coagulant interaction mechanism with the cells A@dM, particularly with respect to
complexation. It is known that at pH 7 the concatns of dissolved cationic
hydrolysis products are relatively low and the sgsts dominated by the negatively
charged aluminate ion (Al(OKl) and by amorphous Al(Okl)precipitate (Duan and
Gregory, 2003). This precipitate has an isoelegoaint at pH 8 as a result of surface
=Al-OH" groups and is thus positively charged at pH 7nddesurface complexation

is likely to occur between these cationic sites disdociated —COOH groups which
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are generally attributed to charge in an algaeesys{Bernhardt et al., 1985).

Adsorption of negatively charged AOM and cells tocaphous precipitates may also
occur such that a net decrease in negative chasgdts (Duan and Gregory, 2003).
A low gradient such as that exhibited Ayformosa indicates that this neutralisation
mechanism is relatively inefficient in comparisan larger gradients, such as that
exhibited byC. vulgaris.

Explanation for the differences in efficiency ofutrialisation lies in the system
character and particularly that of the AOM as itl\we closely associated with the
cells. For example, thkl. aeruginosa system required approximately six times the
coagulant:charge ratio @. vulgaris for complete neutralisation. This increased to 22
times in the case of the AOM. The AOMMIf aeruginosa has a very low charge but
a significant protein concentration of 0.64 mg pietmg' DOC (Table 1) and, while
that of C. wlgaris is also significant at 0.40 mg protein ThBOC, previous studies
have demonstrated that only the cyanobacteria iprated not green algae proteins
have the appropriate characteristics for prote@mgatant complexation (Pivokonsky
et al., 2006; Takaarat al., 2004; Takaarat al, 2007). The fact that the gradient of
the AOM curve forM. aeruginosa was relatively steep but that charge neutraligatio
was not instigated until a much larger coagulaatgl ratio had been achieved
suggests that initially aluminium coagulant was stoned by protein complexation
such that it was unavailable for charge neutratgat In the case oA. formosa, the
relatively high coagulant:charge ratio that wasunegfl for neutralization relates to
both an increased point of onset of neutralizasisrwell as a relatively low gradient.
To date, no studies have addressed the proteint@dagomplexation reactions from
AOM other than that extracted fro@ vulgaris andM. aeruginosa. This represents

an area for future research, which would clarifg tbllowing proposed hypothesis.

10
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The fact that the onset point of neutralizatiors Ieetween the other two systems
infers a moderate influence of protein-coagulamhgl@xation. However, comparison
of the protein:DOC ratio for the AOM froa. formosa reveals the lowest level of the
three at 0.2, suggesting that the protein comptepiower of AOM fromA. formosa
may be similar to that d¥l. aeruginosa and the difference may be just related to total
mass of available protein. In terms of the lowexdignt, the size of the carbohydrates
appears important. In the caseAfformosa the carbohydrates were predominately
less than 1 kDa in size (81% of total) compare8& and 38% for the AOM from
C. wlgaris andM. aeruginosa respectively. These types of carbohydrates ar&vhno
to exhibit a low affinity for coagulant such thaery large doses are required
(Bernhardt et al., 1985). The mechanism in thi® ¢aither a reduced complexation
process or direct adsorption onto precipitate.ifihee case, a shallower gradient can

be expected as each unit of coagulant has lesstmpa

Removal Efficiencies of Cells, AOM and Aluminium

Cell Removal

There were four coagulation regions forwulgaris at pH 5 (Figure 2): Zone 1 — a
region of no removal at low doses; Zone 2 - anah#one of removal at low dose that
coincided with a reduction in the magnitude of #ea potential (ZP) to +3.8 mV;,
Zone 3 - a restabilisation zone where ZP value® \meghly positive at +15 mV; and
Zone 4 — a secondary removal zone at high coagdlasgs. Coagulant doses were
normalised to surface area which has previously lBamonstrated to be a useful
preliminary indicator of coagulant dose (Hendersbral., 2008b). The coagulant

doses giving the maximum removal efficiency for dhand Zone 4 removal were

11
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0.0195 g rif (289 mg med) and 0.742 g A (11,027 mg med) respectively
achieving 97.7 % and 96.8 % removal respectivdliis sequence of removal zones
is commonly observed for both organic and inorgaystems at pH 5, where Zone 2
removal is attributed to charge neutralisation naeems while Zone 4 is attributed
to sweep flocculation mechanisms (Duan and Gregaf03). In contrast, no
restabilisation zone was observed fdr aeruginosa at pH 5, even upon reaching
highly positive ZP values of +18.9 mV (Figure 2)Furthermore, in contrast 0.
wlgaris, a far lower dose of 0.0087 g was required to obtain good removal
corresponding to a ZP of -4.2 mV. It is propodeat the absence of a restabilisation
zone is attributable to large MW proteins and chylpates acting as polymer aids
and overcoming repulsive electrostatic forces. isT& supported by previous work
that showed that at pH 5 such polymers are onligblgrdeprotonated (Bernhardt et
al., 1985). In contrast, it is suggested that AQisll not prevent restabilisation Qf
vulgaris systems at pH 5 as the AOM was smaller with ~5a%gdr than 500 kDa
compared to ~45 % fadvl. aeruginosa (Henderson et al., 2008c) and therefore would
not be as efficient a polymer aid.

Insert Figure 2

At pH 7, no restabilisation zone was observed foy af the algae systems.
Optimum coagulant doses were 0.7 to 1.36 nigak Al, which when normalised for
cell count were in the order 1.1 < 4.3 < 31.4 < p@0cell* for M. aeruginosa, C.
vulgaris, A. formosa and Melosira sp. (Table 3). The value obtained fist.
aeruginosa is comparable with that obtained for the similagamism,Synechocystis
minuscula, which had a coagulant demand at pH 6 of 1 pg Al"'téBernhardt and
Clasen, 1994). Doses per charge and surface aeaalso calculated as 383, 927,

508 and 154 mg Al méband 0.078, 0.012, 0.085 and 0.053upg? for C. vulgaris,

12
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M. aeruginosa, A. formosa and Melosira sp. respectively. Corresponding zeta
potentials at optimum removal were -14.5 + 1.6, #1902, -13.5+ 0.4 and 1.4 £ 0.3
mV for the same species. Optimum removal was amidr all species at between
94.8 and 99.7 % cells removed.

Insert Table 3

The dose required f&2. vulgaris at pH 7 in terms of surface area was four times
higher than at pH 5 (Figure 2). This observat®@ reflection of firstly the decrease
in charge density of the system, which was threeedi lower at pH 5. Secondly,
dissolved cationic hydrolysis species as opposeatrorphous hydroxide precipitates
dominate and these are more effective neutralisarerestingly, the corresponding
coagulant:charge ratio decreased by only 1.3 time, only reflected the difference
in alum speciation having already been normaliseatharge density. In contrast, the
optimum coagulant demand Bf. aeruginosa at pH 5 was 0.0087 pg jimonly 1.4
times less than that required at pH 7. This imprily a result of the change in alum
speciation as the charge density of these algae muash lower than that of.

vulgaris and therefore less significant.

AOM Removal

The coagulant dose required to achieve maximum vahmf AOM was 0.8 <1.2 <
1.5 mg Al mg* DOC for C. wlgaris, M. aeruginosa and A. formosa respectively

(Figure 3) at zeta potential values of 3.8 + 0.8,4 0.3 and -7.9 = 0.7 mV for the
same species. Additionally, AOM was relativelyateble with removal efficiencies
of 71 %, 55 % and 46 % fd. vulgaris, M. aeruginosa andA. formosa respectively.

In general these removal efficiencies are gredtan those observed in a previous

13
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study where AOM was coagulated using ferric chieridlnd removed by
sedimentation to yield removal efficiencies of 18 2b and 50 % at pH 5 for the
speciesM. aeruginosa, Scenedesmus quadricauda, Dictyosphaerium pulchellum
respectively (Widrig et al., 1996). The dosesureml to achieve maximum removal
efficiency are consistent with literature values fdOM which has a coagulant
demand of approximately 1 mg Al M@t neutral pH (Duan and Gregory, 2008).
aeruginosa required a larger dose th& vulgaris, despite having a lower charge
density of 0.1 meq Y compared with 3.2 meq’g(Table 1), attributed to protein-
coagulant complexation increasing coagulant demdiek high coagulant demand of
A. formosa can be explained by the low MW AOM causing ineéit flocculation,
where cross linking of the small MW AOM-aluminiunorapounds is required to
build flocs. The high removal efficiency @&. wulgaris AOM is a result of the
material being both highly charged and of relagMakge MW such that flocculation
is efficient.

Insert Figure 3
Aluminium Residual
Residual aluminium data revealed that high Al nesld of up to 65 % could be
anticipated for aluminium doses of less than 0.5Ahmg™* DOC at pH 7 (Figure 4).
The lowest aluminium residuals of 0.4 %, equatm@ residual of 10-35 pd were
achieved for doses of greater than 0.8 mg Al*rag(Figure 4), which is concurrent
with optimum AOM removal (Figure 3). This high tial residual and subsequent
lowering of aluminium at higher aluminium:DOC ragibas previously been observed
for humic acid systems, where a dose of 0.54 mm@IC was required to ensure low
aluminium residuals (Jekel and Heinzmann, 1989imil&ly, a study examining the

coagulation of AOM originating fronChlorella with iron determined that residual

14
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iron was always found in the filtrate for doses<@&2 mg Fe mg € but never at
doses of 1 mg Fe mg'GBernhardt et al., 1985). This trend has beaibated to the
coordination of AOM to metal-hydroxide polymers kw concentrations thus
preventing the cross linking and clustering of Abloxide polymers which
consequently only becomes possible at higher d@sshardt et al., 1985, Jekel and
Heinzmann, 1989), when simultaneous removal of ba®M (Figure 3) and
aluminium (Figure 4) occurs. The fact that residalaminium in theM. aeruginosa
systems was similar to those ©f vulgaris andA. formosa indicates that protein-Al
complexates did not remain dissolved in solutiod arere bound into flocs by the
aforementioned mechanisms.

While the treatability of cells, AOM and aluminiutras been demonstrated,
their concurrent removal must also be consideredf. cells were removed
preferentially, then high residual AOM and consedlyehigh aluminium levels could
result. At the dosages required to achieve maximmamoval of , the ratios of
coagulant:DOC were calculated to be 0.93, 1.4 afidrig as Al mg DOC at pH 7
for C. vulgaris, M. aeruginosa andA. formosa respectively, such that each was greater
than the 0.8 mg myrequired for low residuals of both aluminium an@M. Hence,
for the optimum coagulant doses, it is anticipatbat removal of all three
components would result.

Insert Figure 4

Relationships Between AOM Character and Removal

The study demonstrated that, with appropriate apptin of coagulant, good removal

could be anticipated for all of three system congms — cells, AOM and aluminium,
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irrespective of algae species. The key differebetveen the systems was in the
coagulant dose required to achieve maximum remo&ahlysis of the data presented
in this study, compared with that of another stBgrnhardt and Clasen, 1994)
reveals a log-log relationship between optimum dasé both cell surface area and
charge density (Figure 5). The relationship betweeagulant dose and charge
density appears stronger than that of surface att@yutable to the fact that the
dissolved organic component is also taken into aaco the former. This is most
important as the charge demand generated by soreeiespis predominantly
associated with the AOM component. For instancehé case o€. vulgaris, 84 %

of the charge is associated with the AOM. Ottadies have reported a relationship
between the concentration of algae and coagulas¢ dod have attributed this to
increases in surface area and thus charge deB8sityn(n and O’Melia, 1968, Tilton et
al.,, 1972); however, these early studies were aoece with only one type of
microscopic, spherical algae. Extending the amalgsross multiple species then
reveals the importance of understanding the impacharge density in determining
the optimum dose (Figure 5). Detailed analysis @i lthe coagulant interacts with
AOM to reduce the charge reveals a number of diffeactions which describe the
zeta profiles away from the optimum point. The wprksented here suggests the two
important characteristics of the associated AOMtheecomplexing strength of the
protein components and the size of the carbohysli@ehey appear to influence the
onset point of neutralization and the rate of radiztation respectively. Together these
describe the how the zeta potential of the systeamges with coagulant addition and
provides a route to determining the sensitivitytioé system to changes in dose.
Further work is required to confirm such suggedtidny detailed analysis of the

protein complexation relationships as previouslgoréed for C. vulgaris and M.
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aeruginosa (Takaara et al., 2004). However, if confirmed,slhdwo components
provide potential diagnostic signals with which tack and predict changing
coagulation requirements for algal systems.

The findings outlined here indicate a similar nelaship to that observed for
NOM, where coagulant dose was closely related #odmarged component of the
water (Sharp et al., 2006). The implications oftstindings are that relatively simple
charge measurement via zeta potential can be usednderstand and control
coagulation and flotation of algae, irrespectivenufrphological differences. Zeta
potential is now being used in understanding prattssues related to the coagulation
of NOM rich waters within a region of the UK andsheesulted in lower residuals,
more stable systems and lower coagulant demancitain sites (Sharp et al., 2007).
Surface area also provided a relationship with otzag demand which could be
utilised to understand changes in dose requirensntiifferent species predominate
in feed reservoirs. In contrast, monitoring callnts without reference to species,
will not give an indication of coagulant demand @s,a per cell basis, the coagulant
demand required for optimum removal varied betwesprecies by orders of
magnitude. Similarly, monitoring algae with resptxtaxonomic grouping will not
give any indication as to the coagulant demand.

Insert Figure 5
Conclusions
Specific conclusions are as follows:
1. Addition of coagulant to algae systems caused #&al@ation of the negative
charge of both cells and AOM even at pH 7, althotigh efficiency of

neutralisations varied with differing system chéeastics.
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2. Good cell removal efficiencies in the range 94-99w#re obtained for all
algae treated provided sufficient coagulant wasddd

3. High MW, protein-rich AOM appears to act as a patyraid inM. aeruginosa
systems, resulting in the absence of a restabdisabne at pH 5.

4. AOM removal efficiency was in the range 46-71 %.

5. Residual aluminium was always low provided sufiitieoagulant had been
added to ensure the maximum removal efficienc&@M had been achieved.

6. A strong correlation between charge density andj@leat dose was observed
for all algae species at pH 7. The indicationstheg charge measurements
would provide a robust control for algae irrespeziof physical and chemical

characteristics.

Further work is required to assess the applicatiosuch a model to real systems as
opposed to those artificially created using labmmamonocultures. It is anticipated
that the principles of the charge dependent prodessribed in this paper should be

applicable in such a situation.

Acknowledgements

The authors would like to thank the EPSRC, AngN&ater, Northumbrian Water,

Thames Water, and Yorkshire Water for their finahsupport.

References

Bernhardt, H. and Clasen, J. (1991) Flocculatiomafro-organisms. Aqua London

40(2), 76-87.

18



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

Bernhardt, H. and Clasen, J. (1994) Investigatinttsthe flocculation mechanisms of

small algal cells. Aqua London 43(5), 222-232.

Bernhardt, H., Hoyer, O., Schell, H. and Lusse,(B285) Reaction mechanisms
involved in the influence of algogenic matter oocftulation. Zeitschrift fur Wasser-

und Abwasser-forschung 18(1), 18-30.

Chen, C., Zhang, X.j., Zhu, L.x., Liu, J., He, Wapd Han, H.d. (2008) Disinfection
by-products and their precursors in a water treatptant in North China: Seasonal

changes and fraction analysis. Science of the Eotaironment 397(1-3), 140-147.

Clasen, J., Mischke, U., Drikas, M. and Chow, Q0@ An improved method for
detecting electrophoretic mobility of algae duritige destabilisation process of
flocculation: Flocculant demand of different spscand the impact of DOC. Journal

of Water Supply: Research and Technology - AQUA219-101.

Duan, J. and Gregory, J. (2003) Coagulation by dlydng metal salts. Advances in

Colloid and Interface Science 100-102(SUPPL.), BG3-

Edzwald, J.K. (1993) Algae, bubbles, coagulants, dissolved air flotation. Water

Science and Technology 27(10), 67-81.

Edzwald, J.K. (1995) Principles and applicationsdifsolved air flotation. Water

Science and Technology 31(3-4), 1-23.

Haider, S., Naithani, V., Viswanathan, P.N. and k&ak P. (2003) Cyanobacterial

toxins: A growing environmental concern. Chemospts(1), 1-21.

19



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

Han, M., Kim, W. and Dockko, S. (2001) Collisiorfiefency factor of bubble and
particle @bp) in DAF: theory and experimental verification.aWr Science and

Technology 43(8), 139-144.

Henderson, R., Chips, M., Cornwell, N., Hitchins, lRolden, B., Hurley, S., Parsons,
S.A., Wetherill, A. and Jefferson, B. (2008a) Expeces of algae in UK waters: A

treatment perspective. Water and Environment Jo22(&), 184-192.

Henderson, R., Parsons, S.A. and Jefferson, B8{20Dhe impact of algal properties
and pre-oxidation on solid-liquid separation ofedgWater Research 42(8-9), 1827-

1845.

Henderson, R., Sharp, E., Jarvis, P., ParsonsadsJeiferson, B. (2006) ldentifying
the linkage between particle characteristics andderstanding coagulation

performance. Water Science and Technology: WatppI$6, 31-38.

Henderson, R.K., Baker, A., Parsons, S.A. and kgffe B. (2008c) Characterisation
of algogenic organic matter extracted from cyantdréx, green algae and diatoms.

Water Research 42(13), 3435-3445.

Henderson, R.K., Parsons, S.A. and Jefferson,8@&) Successful removal of algae
through the control of zeta potential. Separatiori®&e and Technology 43(7), 1653-

1666.

Jekel, M.R. and Heinzmann, B. (1989) Residual ahimn in drinking water

treatment. Journal of Water Supply: Research awntifiidogy - AQUA 38, 281-288.

Kam, S.-K. and Gregory, J. (2001) The interactibihuamic substances with cationic

polyelectrolytes. Water Research 35(15), 3557-3566.

20



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

Kempeneers, S., Menxel, F.V. and Gille, L. (2001dekade of large scale experience

in dissolved air flotation. Water Science and Textbgy 43(8), 27-34.

Nguyen, M.L., Westerhoff, P., Baker, L., Hu, Q.pBsa-Soto, M. and Sommerfeld,
M. (2005) Characteristics and reactivity of algaeduced dissolved organic carbon.

Journal of Environmental Engineering 131(11), 15582.

Petrusevski, B., Vlaski, A., Van Breeman, A.N. gderts, G.J. (1993) Influence of
algal species and cultivation conditions on algahoval in direct filtration. Water

Science and Technology 27(11), 211-220.

Pieterse, A.J.H. and Cloot, A. (1997) Algal celledacoagulation, flocculation and

sedimentation processes. Water Science and Te@y86{4), 111-118.

Pivokonsky, M., Kloucek, O. and Pivokonska, L. (BD&valuation of the production,
composition and aluminum and iron complexationlgbgenic organic matter. Water

Research 40(16), 3045-3052.

Rosen, B.H., MacLeod, B.W. and Simpson, M.R. (199&umulation and release of
geosmin during the growth phases of Anabaena ailtsifKutz.) Rabenhorst. Water

Science and Technology 25(2), 185-190.

Sharp, E., Borrill, B., Goslan, E. and Jefferson(Z)07) A mechanistic approach to
predict disinfection by-product precursor removaltidg conventional coagulation,
Chemical Water and Wastewater Treatment Hahn, Hibffmann, E. and @degaard,

H. (eds), IWA Publishing, London, UK.

Sharp, E.L., Parson, S.A. and Jefferson, B. (2@@&3agulation of NOM: Linking

character to treatment. Water Science and Techp@8(y), 67-76.

21



513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Stumm, W. and O’Melia, C. (1968) Stoichiometry ajagulation. Journal of the

American Water Works Association 60, 514-539.

Takaara, T., Sano, D., Konno, H. and Omura, T. 4208ffinity isolation of algal
organic matters able to form complex with aluminiaoagulant. . Water Science and

Technology: Water Supply 4(5-6), 95-102.

Teixeira, M.R. and Rosa, M.J. (2006) Comparing alied air flotation and
conventional sedimentation to remove cyanobactedbd of Microcystis aeruginosa.
Part I: The key operating conditions. Separatiod Barification Technology 52(1),

84-94.

Tilton, R.C., Murphy, J. and Dixon, J.K. (1972) THlecculation of algae with

synthetic polymeric flocculants. Water Research),6(35-164.

Widrig, D.L., Gray, K.A. and McAuliffe, K.S. (1996Removal of algal-derived
organic material by preozonation and coagulatiomnitbring changes in organic

quality by Pyrolysis-GC-MS. Water Research 30(26R1-2632.

22



Figure and Table Headings

Figure 1. Coagulant dose:charge equivalent ratio vs. zeta potentia at pH 7 for A. the

entire system (cells and AOM) and B. the extracted AOM.

Figure 2. Dose response curves depicting coagulant demand in terms of surface area at
pH 5 and 7 for A. zeta potential, and for normalised removal based on cell count for B. C.

vulgarisand C. M. aeruginosa.

Figure 3. Normalised AOM removal achieved by coagulation and flotation at pH 7 using

aluminium sul phate.

Figure 4. Normalised residual aluminium upon coagulation and flotation of AOM at pH 7
using aluminium sulphate, where A. shows all results, and B. shows results where

residual aluminium islessthan 2 %.

Figure 5. The relationship between coagulant demand for maximum removal and both
charge density and surface area of the algae systems with literature data (Bernhardt and

Clasen 1994, Henderson et al. 2008b).

Table 1. Key AOM characteristics for C. wulgaris, M. aeruginosa, A. formosa and

Melosira sp. at pH 7 (adapted from Henderson et al. (2008c))



Table 2. Key cdl characterisation data for C. vulgaris, M. aeruginosa, A. formosa and

Melosira sp.

Table 3. Summary data for coagulation conditions required for maximum remova at pH

7.



Table 1.

Chlorella vulgaris Microcystis Asterionella Melosira sp.
aeruginosa formosa

AOM (ng cell'®) 0.0029 0.00095 0.019 0.65
Charge Density (meq g™) 3.2 0.1 1.0 Neg.
Hydrophobicity (%) 11 30 20 32
Carbohydrate:DOC

1.1 0.7 1.0 0.8
(mg as glucose mg™* as C)
Trans-/hydrophilic

95 77 90 83
carbohydrates (%)
Protein:DOC (mg as Bovine

0.40 0.64 0.19 0.16
Serum Albumin mg™ as C)
Protein:carbohydrate

0.4 0.6 0.2 0.2
(mg mg™)
AOM >30 kDa (%) 62 55 9 30

AOM <1 kDa (%) 30 38 81 53




Table 2.

Chlorella Microcystis Asterionella  Melosira
vulgaris aeruginosa formosa sp.
pH5 PpH7 pH 5 pH 7 pH 7 pH 7
Cell images Rl | N/
.. OD co 031 ~an, \ﬁ'l l’\\ .
o | AN “{Q
cool 7N “
Initial Cell
5.0% 10° + 5 X 6.0x 10° % 50x 10"+  1.9x10°+
concentration
10* 1.5x 10' 1.2x 10" 550
(cells mI%)
Surface area
55+ 30 95+ 34 370 £ 95 5500 + 845
(um? cell™)
AOM
concentration 1.5+0.15 0.6 £0.01 1.0+£0.2 1.2+04
(mg L' as C)
Charge
Equivalents per
cell (including
0.004 0.011 negligible 0.002 0.062 1.88
associated
AOM)
(peq celt!)
% Charge
- 84 - 5 30 negligible

Contributed by




AOM




Table 3

Chlordla

vulgaris

Microcystis

aeruginosa

Asteriondlla

formosa

Melosira sp.

Optimum Coagulant Dose (in terms of cell numberfesie area and charge

density)
pg cell* 4.3
g m? 0.078
mg med' 383
Optimum Zeta
-145+1.6
Potential (mV)
Optimum Cell
94.8

Removal (%)

11

0.012

927

-10+2.2

97.3

314

0.085

508

-135+04

98.8

290

0.053

154

1.4+0.3

99.7




Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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