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Cyanobacteria are a major problem for the world wide water industry as they can produce metabolites
toxic to humans in addition to taste and odour compounds that make drinking water aesthetically dis-
pleasing. Removal of cyanobacterial toxins from drinking water is important to avoid serious illness in
consumers. This objective can be confidently achieved through the application of the multiple barrier
approach to drinking water quality and safety. In this study the use of a multiple barrier approach incor-
porating coagulation, powdered activated carbon (PAC) and ultrafiltration (UF) was investigated for the

Ié?;gﬁgsi;n removal of intracellular and extracellular cyanobacterial toxins from two naturally occurring blooms
Microcystin in South Australia. Also investigated was the impact of these treatments on the UF flux. In this multi-
Powdered activated carbon barrier approach, coagulation was used to remove the cells and thus the intracellular toxin while PAC
Saxitoxin was used for extracellular toxin adsorption and finally the UF was used for floc, PAC and cell removal.

Cyanobacterial cells were completely removed using the UF membrane alone and when used in con-
junction with coagulation. Extracellular toxins were removed to varying degrees by PAC addition. UF
flux deteriorated dramatically during a trial with a very high cell concentration; however, the flux was

Ultrafiltration

improved by coagulation and PAC addition.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cyanobacteria are a major problem for the worldwide water
industry as they can produce metabolites toxic to humans in addi-
tion to taste and odour compounds that make drinking water
aesthetically displeasing [1-4]. It is likely that this problem will
be intensified by the effects of climate change through reservoir
warming [5-7]. Tropical cyanobacterial species are also becom-
ing more prevalent in temperate climates [8]. Cyanobacteria are
even being detected more frequently in colder climates, such as
in Canada [9]. The effective removal of cyanobacterial metabolites
is therefore an increasingly important priority for the worldwide
water industry.

While it is not definitively known why cyanobacteria produce
toxins, it has been suggested that toxins are evolutionary carry-
overs and may function as protective secretions since researchers
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have shown some cyanobacterial toxins to be potent inhibitors of
aquatic invertebrate grazers [1]. Toxins are formed at all stages
of cyanobacterial growth. They generally remain within the cell
(intracellular toxin) until stress, damage or cell death and lysis
causes their release into surrounding water (extracellular toxin)
[10]. Intracellular toxin content is typically highest in the late
growth phase and the toxin content has shown a positive corre-
lation with cyanobacteria biomass [11].

Many options for treating water affected by cyanobacterial
blooms exist including conventional coagulation and sand filtra-
tion, membrane filtration, powdered activated carbon (PAC) addi-
tion, granular activated carbon filtration and chemical oxidation by
ozone or chlorine. In the absence of any damage to the cells, conven-
tional treatment can be effective for the removal of the intact cells
and therefore the majority of the metabolites, for example, micro-
cystin can be up to 98% intracellular [12]. Extracellular metabolites
can be effectively removed by PAC [13]. The safest option for
water suppliers is to apply a multiple barrier treatment process
that is capable of removing both cyanobacteria cells and dissolved
metabolites. A multiple barrier process that has the potential to
remove both intra- and extracellular metabolites is the combina-
tion of coagulation, PAC application and ultrafiltration (UF).
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Two studies have investigated PAC and UF for the removal
of microcystin-LR (MCLR) [14,15]. Lee and Walker [14] showed
that a PAC-UF system was efficient for MCLR removal using both
polyethersulfone (PES) and cellulose acetate (CA) membranes.
However, the removal profiles differed for the two membranes.
The CA membrane, without PAC addition, did not remove MCLR
while the addition of PAC resulted in 70% removal of the toxin.
The removal of MCLR by PAC alone was similar to the PAC-UF
system indicating that PAC adsorption was the dominant removal
mechanism. In the case of the PES membrane, it was shown
that this UF membrane alone had adsorptive properties for MCLR
with removals similar to that of the combined PAC-UF system.
Lee and Walker [14] also studied the effects of natural organic
matter (NOM) on MCLR removal. While the CA membrane was
not affected by NOM, flux measurements suggested the PES
membranes were fouled by NOM. Campinas and Rosa [15] also
investigated MCLR removal using a PAC-UF system. The impact
of NOM was assessed using model compounds (a mixture of
tannic and humic acids) and Microcystis aeruginosa culture. Con-
stant flow experiments were performed with a hydrophilic UF
hollow-fibre membrane and a mesoporous PAC. In contrast to the
findings of [14], NOM had no effect on removal of toxins by their
PAC-UF system at 5mg/L of dissolved organic carbon (DOC) and
15 mg/L PAC.

Gijsbertsen-Abrahamse et al. [16] showed that UF could cause
lysis of Planktothrix agardhii. They found that a small amount of
cell-bound microcystin was released and was measured in the per-
meate at concentrations equal to or lower than the extracellular
microcystin concentrations of the feedwater. Campinas and Rosa
[17] observed that M. aeruginosa cell lysis occurred at all cell growth
phases although greater damage was observed for older cultures.
Cell lysis is an issue for a coagulation-PAC-UF system as extracel-
lular toxin would require a higher dose of PAC, making the process
more costly.

Optimisation of PAC dosing and selection of the correct UF
material is important as various effects of PAC on UF flux have
been reported in the literature. Some authors have reported a
reduced flux, longer backwash intervals or a reduced frequency
of chemical cleaning when using PAC pre-treatment [18-20].
Others have shown little effect [21-23] or increased flux when
using PAC [24-26]. Some studies have shown that the mem-
brane hydrophobicity is the key to reduced flux when pre-dosing
PAC. Several studies [27-29] observed that PAC reduced flux of
hydrophilic membranes and increased the flux of hydrophobic
membranes. A multiple barrier approach incorporating coagula-
tion and PAC may improve removal of cyanobacterial toxins and
reduce membrane fouling by NOM, as both coagulation and PAC can
remove NOM.

Previous studies detailed above have not demonstrated
the removal of cyanobacterial cells from natural waters
or naturally occurring blooms which may differ from
laboratory cultures. No studies to date have used polyvinyli-
dene fluoride (PVDF), a commonly used hollow fibre UF
membrane, in a multiple barrier approach to investi-
gate removal of cyanobacteria or to establish removal of
both intracellular and extracellular cyanobacterial metabo-
lites.

In this study the use of a multiple barrier approach incor-
porating coagulation, PAC and a PVDF UF membrane for the
removal of intracellular toxin (via cell removal) and extracel-
lular cyanobacterial toxins from naturally occurring blooms in
South Australia was investigated. In order to determine the
effectiveness of combining coagulation and coagulation—-PAC
with UF, the efficiency of each treatment barrier was assessed.
Also investigated was the impact of these treatments on the UF
flux.

2. Methods
2.1. Materials

The PAC used in the laboratory experiments was Acticarb
PS1000 (Activated Carbon Technologies, Australia). It is a coal
based, steam activated carbon. Aluminium chlorohydrate (ACH)
was used as the coagulant for this study as Al,03 (Omega Chem-
icals, Australia) and was dosed as a 23% solution. Coagulant dose
was expressed in terms of AI3* for direct comparison of coagulants
with other studies. A commercially available membrane was used
for the UF trials (Toray, Japan).

2.2. Feedwater

In November 2009 a bloom of Anabaena circinalis occurred in
Myponga Reservoir in South Australia at a cell concentration of
460,000 cells/mL. A sample of the bloom material was collected,
counted and tested for viability and used in the trial on the fol-
lowing day. Concentrations of cyanobacteria were quantified using
gridded a Sedgewick-Rafter chamber. For dense algal populations,
a gridded Sedgewick-Rafter chamber allowed for accurate cell
identification and concentration without the layering of cells. To
quantify Anabaena, the number of colonies per chamber, as well as
the number of cells in 20 filaments, was determined. This method
is accurate to 30%.

In March 2010 a bloom of Microcystis flos-aquae occurred in the
Torrens Lake, Adelaide, South Australia. The samples taken from
this bloom were used as the feedwater to challenge the system.
M. flos-aquae cell numbers in the sample were 14,800,000 cells/mL
which also contained a small number of Planktothrix mougeotii, A.
circinalis and M. aeruginosa (<1%). Samples were counted and tested
for viability on the same day as the trial.

2.3. Ultrafiltration - integrated membrane tests

A laboratory scale UF unit (Fig. 1) was used which consisted of
hollow fibre PVDF membranes with a nominal pore size of 0.02 pm.
Ten 10 cm UF fibres were potted using epoxy resin and compacted
using ultrapure water (Millipore Pty Ltd, USA). Membranes were
operated in an outside-in configuration at a pressure of 160 kPa.
Membrane integrity was established using turbidity removal. Each
experiment showed removal of turbidity down to 0.1 NTU from
raw water values of 12-15 NTU. Each experiment consisted of four
operation periods. The first was an ultrapure water flush, the sec-
ond using only the feedwater, the third using coagulant dosing and
the final using both coagulant and PAC at 20 mg/L. Coagulant and
PAC were dosed into a flocculation tank agitated at 20 rpm with a
detention time of 9 min. A membrane tank prior to the membrane
housing ensured a total floc growth time of 11 min. Between each
operation period a 2 min backwash involving air scouring and ultra-
pure water was performed. After each experiment the membrane
was cleaned using two protocols: (1) citricacid at pH 2 and (2) NaOH
at pH 10. The same membrane was used for each experiment.

2.4. Saxitoxin analysis

Samples analyzed for saxitoxin were undertaken via enzyme
linked immunosorbent assay (ELISA) purchased from a commer-
cial supplier (Abraxis LLC, USA). Samples for analyses were diluted
in order to bring the samples within the working range of the assay
(1:20). These analyses were carried out according to the manu-
facturer’s protocol. The Abraxis ELISA is an antibody-based assay
and cross-reactivities for the following saxitoxin analogues are:
<0.2% GTX1&4, 1.3% for NEO, 23% for GTX2&3, 29% dcSTX and 100%
for STX, as stated by the manufacturer. The lower limit of detec-
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Fig. 1. Process diagram of the UF-IMS.

tion and coefficient of variation for the assay were 0.02 p.g/L and
<15%, respectively. Samples for extracellular toxin were prepared
by filtering the through a Whatman GF/C filter paper by gravity.
Some cell lysis may have occurred during this process. Intracellular
toxin concentration was calculated by subtracting the extracellular
concentration from the total concentration.

2.5. Microcystin analysis

Prior to high performance liquid chromatography (HPLC) anal-
ysis, microcystin analogues (MCRR, MCLR, MCYR and MCLA) were
concentrated from sample waters by solid phase extraction similar
to the methods described in [30]. An Agilent 1100 series HPLC sys-
tem consisting of a quaternary pump (G1311A), degasser (G1379A),
autosampler (G1313A), column compartment (G1316A) and pho-
todiode array detector (G1315B) driven by ChemStation software
(Agilent Technologies, USA) was used for microcystin analysis. A
150 mm x 4.6 mm Luna C18 column (Phenomenex, Australia) with
a pore size of 5um was used. The HPLC method has a detec-
tion limit of 0.05 pg/L. Full details of this analysis can be found
in [31].

2.6. Dissolved organic carbon and UV,54 absorbance analyses

Samples for DOC and UV absorbance (UV3s4) were filtered
through 0.45 wm pre-rinsed membranes. UV;,54 was measured at
254 nm through a 1cm quartz cell using an Evolution 60 spec-
trophotometer (Thermo Scientific, USA). DOC was measured using
a Sievers 900 Total Organic Carbon Analyser (GE Analytical Instru-
ments, USA).

2.7. Molecular weight distribution analyses

High performance size exclusion chromatography (HPSEC) was
used for molecular weight (MW) distribution determination of
NOM. The analysis was undertaken using an Alliance 2690 separa-
tions module and 996 photodiode array detector at 260 nm (Waters
Corporation, USA). Phosphate buffer (0.1 M) with 1.0 M NaCl was
passed through a Shodex KW802.5 packed silica column (Showa
Denko, Japan) at a flow rate of 1.0 mL/min. This column provides
an effective separation range from approximately 50 Da to an exclu-
sion limit of 50,000 Da. Apparent MW was derived by calibration

with poly-styrene sulfonate (PSS) MW standards of 35, 18, 8 and
4.6kDa.

2.8. Cell enumeration and viability determinations

Concentrations of cyanobacteria were quantified using grid-
ded a Sedgewick-Rafter chamber. For dense algal populations,
a gridded Sedgewick-Rafter chamber allowed for accurate cell
identification and concentration without the layering of cells. To
quantify Anabaena, the number of colonies per chamber, as well as
the number of cells in 20 filaments, was determined. This method
is accurate to 30%.

Cell viability was determined for each experiment by flow
cytometry using a method similar to [32]. The flow cytometric
analysis was performed using a FACSCalibur™ flow cytometer
(Becton-Dickinson, USA). A cyanobacteria suspension was stained
with SYTOX™ bacterial viability stain (Invitrogen, UK) in order to
obtain a live/dead ratio. In a microfuge tube, 980 L of cyanobac-
teria suspension was mixed with 20 wL of SYTOX™ stain and
incubated for 7 min at room temperature. The fluorescence of the
sample was detected through 510 nm (type FL1, green) and 610 nm
(type FL3, red) band pass filters.

3. Results and discussion
3.1. Myponga reservoir bloom

ACH was selected as the best coagulant for the trial, based on
jar tests (data not shown) comparing ACH, aluminium sulfate and a
blended polyaluminium chloride coagulant similar to our previous
study [38]. An ACH dose was used (4.4 mg/L AI**) to ensure that
the flux decline was minimized. A flux decline using the UF mem-
brane alone was observed (Fig. 2). The addition of ACH improved
flux with no further improvement observed in the presence of PAC.
Similar DOC removals were obtained when using coagulant with
and without PAC addition and these removals were greater than
observed using the UF membrane alone (Table 1). Removal of NOM
prior to the UF membrane may enhance its longevity [33].

Fig. 3 shows the MW profiles for the Myponga feedwater dur-
ing the A. circinalis bloom. MW profiles after treatment by the UF
membrane only, coagulation and coagulation with PAC addition
are also displayed. The MW profile shows that coagulation and PAC
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Table 1
The removal of A. circinalis, UV,54 and DOC during the IMS experiment using the Myponga reservoir bloom material.
Cells (mL) %Removal UVas4 (/cm) %Removal DOC (mg/L) %Removal
UF only
Feedwater 497,000 0.47 15.2
Memb tank 444,000 11 0.36 23 11.9 21
Permeate 0 100 0.272 42 9.9 35
ACH (4.4 mg/L AI?*)
Feedwater 384,000 0.464 15.2
Memb tank 101,000 74 0.108 77 6.6 57
Permeate 95 100 0.081 83 4.8 69
ACH (4.4 mg/L AI>*) and PAC (20 mg/L)
Feedwater 360,000 0.469 15.4
Memb tank 48,100 87 0.079 83 5.6 63
Permeate 0 100 0.065 86 4.4 71
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Myponga water with A. circinalis cells. Time 0-120 min using feedwater only, time
120-190 min using feedwater dosed with coagulant (ACH) and time 190-270 min
dosed with coagulant and PAC (20 mg/L).

adsorption removes a greater amount of compounds in the region
between 1500 and 3000 Da than the UF membrane alone. As flux
was improved by coagulation and PAC addition, this suggests that
removal of NOM in this MW range reduces fouling of the UF mem-
brane. NOM of this MW range can cause pore restrictions rather
than cake layer formation and removal of this MW range of com-
pounds has been shown to improve the efficiency of microfiltration
membranes [34].

Table 1 shows that the cells were completely removed by the
UF membrane alone, which is consistent with the work of [12]. Cell
removal was 74% by coagulation and 87% when PAC was added.
Removal of DOC and UV;54 was >60% for the coagulation-UF and
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Fig. 3. Molecular weight (MW) profile of Myponga water with A. circinalis cells
after treatment with the UF membrane only, coagulation and coagulation with PAC
addition.

using Torrens water only, time 90-110 min dosed with ACH (4.4 mg/L Al**) and time
110-140 min dosed with ACH (4.4 mg/L AI**) with PAC (20 mg/L).

coagulation-PAC-UF. Removal of DOC and UV is higher than previ-
ously observed for reservoir water without cyanobacteria [35]. This
improved efficiency in DOC and UV;54 removal is supported by the
observations of [34] as discussed above.

The concentration of intracellular saxitoxin as STX equivalents
(STXeq) was 3.9 wg/L which was 77% of the total saxitoxins con-
centration (Table 2). The extracellular STXeq concentration was
1.2 pg/L. Removal of intracellular saxitoxin was 87% with the UF
membrane alone. Removal of intracellular saxitoxin was 46% with
ACH and 74% with ACH and PAC. This is in agreement with the cell
removal data which suggests that PAC addition assists coagulation.
The enhancement of coagulation in the presence of PAC has been
reported previously [36]. The concentration of extracellular saxi-
toxin was too low to calculate a meaningful removal percentage.

Table 2

Intracellular and extracellular saxitoxin concentrations and percent removal of
intracellular toxin for the UF-IMS experiment using Myponga reservoir water during
an A. circinalis bloom.

Intra STXeq (pg/L) %Removal Extra STXeq (pg/L)

UF only

Feedwater 3.9 1.2

Memb tank 3.7 5 0.8

Permeate 0.5 87 1.0
ACH (4.4 mg/L AI**)

Feedwater 4.1 0.8

Memb tank 2.2 46 0.9

Permeate 04 90 0.7
ACH (4.4 mg/L A**) and PAC (20 mg/L)

Feedwater 3.9 1.0

Memb tank 1.0 74 0.5

Permeate 0.4 90 0.5




M.B. Dixon et al. / Journal of Hazardous Materials 186 (2011) 1553-1559 1557
Table 3
The removal of turbidity, M. flos-aquae cells, UV54 and DOC during the UF-IMS experiment using Torrens water.
Turbidity (NTU) Cells (mL) %Removal UV354 (cm) %Removal DOC (mg/L) %Removal
UF only
Feedwater 429 0.244 13.7
Memb tank 366 0.196 20 103 25
Permeate 0.22 0.099 59 4.8 65
ACH (4.4 mg/L AI?*)
Feedwater 340 13,200,000 0.232 9.6
Memb tank 104 3,610,000 73 0.125 46 6.1 36
Permeate 0.16 0.066 72 3.4 64
ACH (4.4 mg/L AI**) and PAC (20 mg/L)
Feedwater 549 1.48E+08 0.227 9.6
Memb tank 131 4,070,000 73 0.111 51 6.5 33
Permeate 0.119 0.057 75 3.2 66

3.2. Torrens lake bloom

The flux decline for the UF membrane alone was more rapid
than the Myponga experiments (T=0-90 min) (Fig. 4). This may
have been due to the higher turbidity and cell concentration in the
Torrens water. The flux decline for the UF membrane alone was too
high to continue filtration after 40 min and a backwash was needed
to continue the experiment. A backwash was required before pro-
ceeding to the coagulation phase of the experiment. This suggests
that coagulant dosing is essential for operation when a bloom of
such high cell concentration occurs. The flux was similar for coag-
ulation using 4.4 mg/L of A3+ as ACH (T=90-110 min) and during
PACaddition (T=110-140 min). Flux decline was approximately six
times faster for Torrens feedwater than Myponga feedwater during
coagulation and PAC addition. This suggests that despite coagula-
tion or PAC addition, frequent backwashing is still required for high
cell concentration feedwaters. While large differences in cell con-
centrations may have been the overriding factor, coagulation may
also have been more efficient in the Torrens experiment due to
the different cell morphologies of M. flos-aquae compared with A.
circinalis in the Myponga experiment. [37] documented different
coagulation performances when spherical cells (such as Microcys-
tis) were compared with filamentous cells (such as Anabaena).

As cells were shown to be completely removed by the UF mem-
brane alone in previous experiments and in a previous study [38],
UF permeate samples were not analyzed for cell number. Turbid-
ity measurements were used as a surrogate for cell removal, and
this showed a removal of 99.5% using the UF membrane alone. Cell
removal by coagulation was 73% with and without PAC (Table 3).
PAC addition did not enhance the cell removal due to the high tur-
bidity of the Torrens water. The cell removal by ACH alone was
similar to the Myponga experiment. Removal of DOC and UV;s4
by coagulation and PAC addition was lower than in the Myponga
experiment due to a higher UV,54 and DOC concentration in the

Table 4

Torrens Lake. However, removal of DOC and UV;54 by the UF mem-
brane alone was greater in the Torrens experiment. This may have
been due to denser cake layer formation on the UF surface enhanc-
ing NOM removal as implied by [39]. In the Myponga experiment,
there may have been a reduced cake density due to differing cell
morphology. As Microcystis are spherical cells they may pack more
tightly in the cake layer and as Anabaena are filamentous, the resul-
tant cake layer may be less dense. Similar cake density observations
have been made with differing floc sizes where larger floc produces
a less dense cake layer [40].

The total concentration of microcystins in the Torrens feedwa-
ter was 5.9 pg/L which was comprised of 1.5 pg/L MCRR, 3.9 p.g/L
MCLR and 0.5 pg/L MCLA (Table 4). The extracellular component
of the total microcystin concentration was 8.5% (0.5 ug/L MCRR
only). Total microcystin removal was 70% by the UF membrane
alone. Removal of total microcystins by coagulation was 66% and
35% with the addition of PAC. This result is contrary to the cell
removal data and suggests that some cell lysis may have occurred as
the extracellular microcystin concentration was as high as 3.9 pg/L.
Cell lysis has been previously observed by Campinas and Rosa [17]
and may be dependent on cell age. A percent removal for extra-
cellular microcystins was difficult to obtain due to the cell lysis;
however, concentrations are presented in Table 4. This cell lysis also
complicated calculation of intracellular toxin, as extracellular toxin
concentration was higher in the permeate for some cases. While
a study of microcystin adsorption to PVDF membranes showed
adsorption of up to 35% [41] removal by this mechanism could not
to be determined due to cell lysis. In our previous study [38] it
appeared that adsorption of saxitoxin to a PVDF membrane only
occurred during the first experiment in a set of experiments and
then the adsorption capacity of the membrane was exhausted. Lee
and Walker [14] also showed microcystin adsorption by PES, but
not for CA. Microcystin adsorption to PES appears to be greater than
for PVDF [41]. Adsorption of saxitoxin to PVDF was observed in our

Total and extracellular microcystin concentrations and percent removals for the UF-IMS experiment using Torrens water.

Total microcystins (ug/L)

Extracellular microcystins (jug/L)

RR LR LA Total %Removal RR LR LA Total

UF only

Feedwater 1.5 3.9 0.5 5.9 0.5 0 0 0.5

Memb tank 0.9 35 0.7 5.0 15 0.6 0.7 0 13

Permeate 1.8 0 0 1.8 70 3.9 0 0 3.9
ACH (4.4 mg/L AIP*)

Feedwater 1.8 1.0 0 2.8 0.6 0 0.3 0.9

Memb tank 0.4 0.6 0 1.0 66 14 0 0 14

Permeate 14 0 0 14 49 04 0 0 04
ACH (4.4 mg/L AI**) and PAC (20 mg/L)

Feedwater 19 2.5 0 4.5 0.4 0.2 0.6

Memb tank 0.8 0.6 1.5 29 35 0.5 0.2 0 0.7

Permeate 0.4 0 0 0.4 92 0.7 0 0 0.7
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previous study [38], but only for the first experiment in a series
implying that PVDF becomes saturated for saxitoxin adsorption.
This toxin saturation effect was also observed by Gijsbertsen-
Abrahamse et al. [16]. Adsorption of toxin to the membrane may
aid removal by providing another barrier, however removal by PAC
appears to be a more reliable method as seen in our previous study
[38].

As the removal of total microcystins was 35% during PAC addi-
tion, the adsorption properties of the PAC may have been hindered
by the coagulation process due to the floc encapsulating PAC
particles and preventing metabolite adsorption [36,42]. This was
observed to a greater extent in Torrens Lake than in the Myponga
experiment which may have been due to the higher turbidity and
cell concentration of the Torrens water. While removal of total
microcystins in the permeate was 70% by UF only, removal by
coagulation-UF was lower at 49%. It appears that there was a higher
concentration of MCRR in the permeate than in the membrane tank,
which may have been due to cell lysis. This cell lysis was not seen
in the coagulation-PAC-UF experiment and the removal of total
microcystins was higher at 92%.

In comparison with our previous study [38], which involved
the removal of saxitoxin from cultured cyanobacteria, removal of
extracellular toxin was more difficult to quantify due to cell lysis.
The naturally occurring blooms tested in this study afforded much
higher cell concentrations than in our previous study and this
greatly affected the flux of the UF, causing a faster flux decline
and required a higher dose of coagulant to improve the flux of
the UF.

4. Conclusion

A multiple barrier approach incorporating coagulation, PAC and
UF was investigated for the removal of intracellular and extra-
cellular cyanobacterial toxins from two Australian blooms. Two
dominant species occurred in these blooms: A. circinalis and M.
flos-aquae which produced the toxins saxitoxin and microcystin,
respectively. The impact of coagulation and PAC addition on the UF
membrane flux was also studied.

Cyanobacterial cells were completely removed in the Myponga
experiment using coagulation-PAC-UF. This system removed 90%
ofintracellular saxitoxin in the Myponga experiment and 92% intra-
cellular microcystin from the Torrens experiment. It was difficult
to quantify the removal of extracellular toxin by the system due to
low concentrations and cell lysis. UF flux deteriorated dramatically
during the Torrens Lake trial due to a very high cell concentration
however, the flux was improved by coagulation and PAC addition.
Coagulation and PAC addition removed cells and NOM prior to con-
tact with the UF, improving the flux of the UF.

The application of a coagulation-PAC-UF is warranted as
cyanobacteria can compromise water quality and treatment in
many ways. This system can provide a multi-barrier treatment
approach which is favoured in risk-based approaches including
global water safety plans.
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