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1. Introduction  

Cyanobacterial blooms seasonally arise as a concern to some drinking water suppliers due 
to the massive input of cells, the release of algogenic organic matter (AOM) into the water 
and often the production of cyanotoxins as secondary metabolites. Cyanotoxins may cause a 
wide range of adverse health effects, including skin irritation, neurotoxic damage, 
gastroenteritis, liver damage, tumour promotion and ultimately death, and their removal is 
therefore a major goal in water treatment. 
An optimal water treatment requires the removal of intact cyanobacterial cells (particulate 
matter) (Drikas et al., 2001), given that cyanotoxins are largely intracellular and cell-bound, 
as well as the removal of soluble compounds, since there is always a fraction of cyanotoxins 
that is released into the water by cell-ageing or induced cell damage (Sivonen & Jones, 1999; 
Pietsch et al., 2002). Conventional treatment is considered ineffective for the removal of 
dissolved cyanotoxins, making the study and implementation of alternative technologies 
crucial to minimise or eliminate their negative impact.  
Hybrid membrane processes of PAC/UF (powdered activated carbon adsorption/ 
ultrafiltration) were recently developed for controlling pesticides, taste and odour 
compounds and disinfection-by-products in drinking water treatment. PAC/UF combines 
the PAC ability to adsorb organics, e.g. dissolved toxins, with the effective removal of 
particles by low-pressure UF membranes, including cyanobacterial cells and the associated 
intracellular and cell-bound toxins. Despite its high potential for controlling cyanobacteria 
and cyanotoxins in drinking water, there is a lack of knowledge regarding PAC/UF 
application on this environmental-health issue.  
This chapter addresses the removal of cyanobacterial cells and toxins from drinking water 
by PAC/UF hybrid process, focusing on the main questions involving each technology and 
the singularities of these environmental-health hazards. The chapter summarises the results 
of a comprehensive study performed with a commercial fine-grade mesoporous PAC and a 
lab-scale UF apparatus. Laboratory cultured cells of Microcystis aeruginosa and the associated 
microcystins were studied.  
M. aeruginosa is one of the most commonly occurring cyanobacteria and grows in 
laboratory as single cells, which is an advantage for this study. Due to its small size, M. 
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aeruginosa single cells represent the size of algae that is more prone to escape from a 
conventional water treatment plant.  In addition, they may be used as surrogate to assess 
the removal efficiency of particles of problematic size range (3-10 m), like Giardia cysts 
and Cryptosporidium oocysts. This cyanobacterium produces microcystins – cyclic peptides 
very relevant for drinking water supply as they are chemically stable, have both acute and 
chronic effects (hepatotoxic and tumour-promoting) and are the most widely spread 
cyanotoxins in freshwaters (Sivoven & Jones, 1999). Furthermore, microcystins are the 
cyanotoxins for which the World Health Organization (WHO) derived a drinking water 
provisional guideline value (1 g/L for daily exposure to the microcystin-LR), adopted as 
national standard for drinking water quality in many countries, including Portugal.  
One of the aims of this chapter is to evaluate the UF performance for removing laboratory 
grown M. aeruginosa cells under different growth ages, with special attention to cell 
damaging and subsequent degradation of the permeate quality. Cell lysis and AOM effects 
are actually the most controversial issues related with the removal of algal cells by 
conventional treatment. Some authors refer the occurrence of cell lysis and release of 
intracellular material into water (Himberg et al., 1989; Hrudey et al., 1999; Pietsch et al. 2002) 
while others report no effect on cell integrity (Chow et al., 1999; Drikas et al., 2001; Ribau 
Teixeira & Rosa, 2006, 2007). Membrane filtration is referred as an attractive technology to 
reach high removal efficiencies of microalgae (Chow et al., 1997; Mouchet & Bonnélye, 1998; 
Hudrey et al., 1999; Pietsch et al., 2002; Gijsbertsen-Abrahamse et al., 2006), however studies 
on its effect on cell integrity are rather scarce. A few studies pointed to a small portion of 
cells damaged by UF, with 0-2% increase of cell bound microcystin release detected in the 
permeate (Chow et al., 1997; Gijsbertsen-Abrahamse et al., 2006). Yet, the same studies 
recommend further investigation, particularly in what concerns the cell sensitivity to shear 
stress and the toxin release into water, phenomena that are both largely affected by the 
cyanobacterial cell age. 
An additional purpose is to investigate the membrane foulant behaviour of the PAC itself 
and to analyse if different fractions of natural organic matter (NOM) interfere and change 
the overall PAC effect on the UF performance. PAC contribution to the fouling control by 
AOM in PAC/UF hybrid process is also assessed. The state-of-the-art concerning PAC effect 
on membrane fouling is contradictory, some authors reporting a positive impact on 
permeate flux, duration of filtration cycles or chemical washing frequency (Adham et al., 
1991; Konieczny & Klomfas, 2002; Lee et al., 2007) and others presenting similar flux 
behaviour (Yiantsios & Karabelas, 2001; Tomaszewaska & Mozia, 2002; Matsui et al., 2006) 
or exacerbated flux decline (Lin et al., 1999; Li & Chen, 2004; Zhao et al., 2005; Zularisam et 
al., 2007). Besides membrane hydrophobicity, raw water diversity is often used to explain 
the differing PAC effects on membrane fouling, but a complete understanding is lacking. 
The final objective of this chapter is to investigate the removal of M. aeruginosa cells and 
microcystins from natural waters by PAC/UF and to compare this process performance 
with the often used PAC application to conventional clarification by 
coagulation/flocculation/sedimentation (C/F/S). PAC addition is an attractive option to 
overcome the limited removal of dissolved microcystins by C/F/S and UF. Nevertheless, 
PAC adsorption is strongly influenced by NOM size and character (Cook et al., 2001; Li et 
al., 2003; Campinas & Rosa, 2006) and by NOM interaction with water background 
inorganics (Campinas & Rosa, 2006), which may significantly reduce the adsorption kinetics 
and capacity. As so, competitive adsorption is site-specific, and must therefore be studied 
with the natural water to be treated. In addition, cyanobacterial cells and toxins challenge 
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the coagulation and UF performances. Both processes may lyse cyanobacterial cells, with a 
deleterious effect on treated water. Coagulation is particularly inhibited by high AOM 
concentration and protein-like compounds, whose concentration increases during cell lysis 
(Takaara et al., 2007). Hydrophilic AOM, such as polysaccharide-like compounds, may be 
responsible for high membrane fouling (Kimura et al., 2006; Lee et al., 2006; Yamamura et 
al., 2007). A comparative analysis of PAC/UF and PAC+C/F/S for removing cyanobacterial 
cells and toxins is therefore essential although ultimately missing. 

2. Experimental  

2.1 Cyanobacterial cells and toxins  

M. aeruginosa culture (Pasteur Culture Collection, PCC 7820) was grown in the laboratory, in 
BG11 medium, at 23-24ºC, under a light regimen of 12 h fluorescent light, 12 h dark. 
Depending on the experiment, cultures were harvested at different growth ages, namely 1, 
2-3 and 4 months, corresponding to exponential phase, late exponential phase and 
stationary phase, respectively (Campinas & Rosa, 2010a), and used to simulate 
cyanobacterial blooms. Cyanotoxins are produced at all stages of cyanobacterial growth and 
usually stay inside the cell (intracellular) until age or stress-driven cell lysis causes their 
release into the water (extracellular) (Sivonen & Jones, 1999). Throughout the growth 
phases, there are dissimilarities in the cyanobacterial biomass, AOM production, total 
cyanotoxin content, and in the intra-/extracellular cyanotoxin ratio. Microcystins are cyclic 
heptapeptides that share a general structure containing five fixed amino acids and two 
variable L- amino acids, designated as X and Z. The most commonly occurring microcystin 
contains leucine in position X and arginine in position Z, and is therefore called MC-LR 
(Lawton & Edwards, 2001). The studied strain of M. aeruginosa produces four microcystin 
variants (MC-LR, -LY, -LW, -LF), with a dominance of MC-LR, which were used to 
supplement the assayed waters with the target contaminant. Microcystins are relatively 
hydrophobic hepatotoxins, with 985-1024 g/mol, depending on the variant, and a net 
negative charge at pH 6-9 (-1 for MC-LR, -2 for the other variants) (Newcombe et al., 2003). 

2.2 Feed waters  
The results presented in sections 3.1 and 3.2 are relative to M. aeruginosa suspensions 
prepared by spiking a background electrolyte with a predetermined volume of M. aeruginosa 
culture to obtain a chlorophyll-a concentration of ca. 20 g/L (Table 1). This concentration 
aims to simulate a weak bloom or a strong bloom after preliminary treatment, i.e. it is less 
than half the guidance level 2 for recreational waters and ten times the WHO alert level 1 for 
drinking waters (Bartram et al., 1999). Cultures harvested at different growth ages (1, 2, 3 
and 4 months old) were used to test different cell vulnerabilities. To avoid osmotic shock 
which may result in cyanobacterial cell lysis, the cells were spiked in a background 
electrolyte prepared with deionised water amended with potassium chloride until the water 
conductivity reached ca. 260 S/cm. The pH was also corrected to 7.0  0.3 with KOH and 
H2SO4. 
The experiments discussed in section 3.3 used deionised water with 2.5 mM background 
ionic strength (KCl+CaCl2). Results in section 3.4 were obtained with solutions of algal 
organic matter, both as extracellular organic matter excreted during cyanobacterial growth 
(EOM) and as AOM, which includes EOM and the intracellular organic matter released 
during cell lysis. 
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Suspension pH 
EC  

(S/cm) 
Turbidity 

(NTU) 
Chl-a 

(g/L) 
TOC  

(mgC/L) 

MC-LReq  
(g/L) 

Extra Intra 

1 month 7.2 310 5.3 28.0 2.2 8.9 -- 
2 months 6.7 293 2.5 20.6 -- 0.6 1.5 
3 months 7.3 294 3.4 20.0 3.4 2.9 -- 
4 months 6.7 301 2.8 19.2 -- 0.5 2.1 

EC: electrical conductivity; Chl-a: chlorophyll-a 

Table 1. Characteristics of M. aeruginosa suspensions used in the UF experiments discussed 
in sections 3.1 and 3.2. 

EOM and AOM filtrates were prepared from a M. aeruginosa culture following Takaara’s 
procedure with the adaptations described by Campinas and Rosa (2010b). Specific volumes 
of EOM and AOM filtrates were used to prepare the UF feed solutions with a total organic 
carbon (TOC) concentration of ca. 4 mgC/L (Table 2). Given the high content of salts in 
EOM solutions, no further salts were added, besides those involved in the pH adjustment to 
ca. 7. In AOM solutions, the conductivity was completed to ca. 300 S/cm with KCl and the 
pH was adjusted to 7. 
The low value of the specific UV absorbance (SUVA) indicates that algal derived organic 
matter has a dominance of the hydrophilic fraction, a result in agreement with those of Her 
et al. (2004) and Henderson et al. (2008). On the other hand, Henderson´s characterisation of 
M. aeruginosa EOM points to an AOM solution most likely composed of two fractions: a high 
molar mass fraction (> 100 kDa), dominated by hydrophilic polysaccharides and 
hydrophobic proteins, and a low molar mass fraction (< 1 kDa). Regarding the EOM 
solution, it should have an alike composition, but with a larger carbohydrates/DOC 
(dissolved organic carbon) ratio and with some minor part of hydrophobic proteins 
(Campinas & Rosa, 2010b). 
 

NOM solution pH 
EC 

(S/cm) 
TOC 

(mgC/L) 
SUVA 

(L/(mgC.m)) 

EOM 7.2 831 4.5 1.3 

AOM 7.2 288 3.7 1.0 

Table 2. Characteristics of the AOM solutions used in UF experiments discussed in section 3.4. 

Ozonated water collected at Tavira’s Water Treatment Plant (western Algarve, Portugal) 
was used in section 3.5 trials. This water had neutral pH (7.5), low concentration of organic 
matter (2.3 mgC/L TOC; 2.1 mgC/L DOC), low SUVA values (0.7 L/(m.mgC)), low 
alkalinity (40 mg CaCO3/L) and hardness (51 mg CaCO3/L). Given the low SUVA value, 
NOM was essentially hydrophilic and with low molar mass (Edzwald & Van Benschoten, 
1990). 
Ozonated water was spiked with a predefined volume of M. aeruginosa culture until a 
chlorophyll-a concentration of ca. 10 g/L was achieved (Table 3), corresponding to 
guidance level 1 for recreational waters and ten times higher than WHO alert level 1 for 
drinking waters (Bartram et al., 1999). A specific volume of microcystins stock-solution was 
also added to adjust the concentration of dissolved cyanotoxins to ca. 5-8 g/L MC-LReq.  
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Parameter 
pH 7.3-7.5 
EC (S/cm) 169-211 
Turbidity (NTU) 2.1-3.0 
UV254nm (cm-1) 0.016-0.041 
Chl-a (g/L) 11-12 
Extra MC-LReq (g/L) 5.6-7.1 
Intra MC-LReq (g/L) 1.4-1.6 

Table 3. Characteristics of the feed water used in section 3.5 trials (ozonated water spiked 
with M. aeruginosa culture and dissolved microcystins). 

2.3 PAC  

PAC/UF experiments used Norit SA-UF, a highly mesoporous PAC, with a point of zero 
charge of 9.6 (Campinas & Rosa, 2006). Norit SA-UF small average particle diameter (6 m) 
makes it suitable for circulating within the narrow UF hollow-fibres. Its large pore size 
distribution (38% of primary micropore volume, 22% of secondary micropore volume and 40% 
of mesopore volume) (Li et al., 2002) has proved to be advantageous for the removal of 
microcystins (Donati et al., 1994; Huang et al., 2007). Norit SA-UF was not used in C/F/S 
experiments since its extremely fine grade makes it inadequate for efficient retention by a 
conventional separation process. C/F/S experiments were therefore performed with Filtracarb 
WP7, the PAC used in Tavira’s WTP. Pore size distribution was not available, however WP7 
has an iodine number of 850 g/g and a methylene blue adsorption capacity of 180 mg/g. 

2.4 Membrane  

An Aquasource cellulose acetate hollow-fibre (inside-out configuration) membrane was 
used in UF experiments. This UF hydrophilic membrane has a molar mass cut-off of 100 kDa 
and a hydraulic permeability of 250 L/(h.m2.bar) (manufacturer data). The module (16 
fibres, 1.1 m length and 0.93 mm internal diameter; 0.05 m2 total membrane area) was 
operated in a cross-flow filtration mode using the inside-out configuration during the 
filtration cycles and under outside-in flow during backwashing. The manufacturer 
recommends a maximum UF pressure of 1.5 bar and a maximum backflushing pressure of 
2.5 bar. The module was mounted in the lab system schematically illustrated in Figure 1. 

2.5 UF and PAC/UF runs  

The membranes were first washed, flushed and compacted with deionised water until 
achieving a steady permeate flux at the pressure and cross-flow velocity to be used in the 
experiments.  
UF runs were performed at a constant permeate flow (3.5 L/h), an initial transmembrane 
pressure (TMP) of 0.65 bar and a cross-flow velocity of 0.5 m/s, corresponding to a 
Reynolds number of 463 at 20ºC (1 m/s was tested only once). A feed glass tank (FT) fed the 
raw water to the recirculating tank (RT) through a peristaltic pump at a constant flow of  
3.5 L/h to balance the permeate outflow. The concentrate was conducted to RT and blended 
with the additional feed water from FT, whereas the permeate was continuously collected in 
a beaker until a 1 L sample was obtained. By that time, RT was sampled to characterise the 
UF feed water. Filtration cycles lasted 1 h (four samples of permeate were always collected). 
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Individual concentrations were determined and, whenever necessary for data interpretation, 
cycle-averaged values (0-60 min) were computed. After each filtration run, the membranes 
were washed with a 5 mg/L (as Cl2) sodium hypochlorite solution to inhibit the biological 
activity on the UF system, and thoroughly flushed with deionised water. 
 

 

B2

B1

FT

P2

Flm

PT

V3

PAC

RT

V1

V5

V4

P1

V2

 
Fig. 1. Flow diagram of UF apparatus (FT - Feed tank; RT - Stirred recirculating tank;  
PT - Permeate tank; Flm - Flowmeter; P - Manometers; B1 - Peristaltic pump; B2 - Positive 
displacement pump; V1, V4, V5 - Valves for backwashing; V2 - Concentrate valve;  
V3 - Permeate valve). 

In PAC/UF experiments, PAC was directly added to the feed tank that was continuously 
stirred at 150 rpm. The total mass of PAC was always added at the beginning of the filtration 
cycle, and was only discarded at the end of the run. PAC doses of 5 and 10 mg/L were tested. 
During time-depending fouling runs with AOM (section 3.4), the concentrate and permeate 
were both recycled back to the feed tank during two hours and permeate samples were 
collected at given time intervals (after 30 min., 1 and 2 hours of filtration). 
Given the difficult accurate control of the permeate flow (since no automatic control was 
available), there were some minor oscillations of flow during the UF runs. Hence, 
membrane permeability rather than transmembrane pressure was represented as a function 
of time. Membrane permeability is given by Qp/(P.Am), where Qp is the permeate flow 
(L/h), P is TMP (bar) and Am is the membrane area (m2). 

2.6 PAC+C/F/S experiments  

PAC+C/F/S experiments were performed in a laboratory jar test apparatus with four flat 
paddles (Flocumatic, Selecta). Operating conditions were as follows: a) rapid mixing at  
104 rpm (196 s-1 velocity gradient) for 3 min; b) slow mixing at 20 rpm (17 s-1) during 20 min;  
c) 1 h settling period. The aluminium polychloride coagulant PAX XL-14 (Quicom) was used 
at 50 mg/L. This dose is 2 to 2.5 times higher than the value used during Tavira’s WTP regular 
operation (i.e. in the absence of cyanobacterial events), and was determined from earlier 
C/F/S lab tests designed to control the water turbidity during a cyanobacterial bloom with a 
chlorophyll-a concentration ten times the WHO alert level 1 for drinking water (Bartram et al., 
1999). This scenario was simulated in the laboratory by supplementing M. aeruginosa culture to 
Tavira’s ozonated water. Filtracarb WP7 PAC was also added during the rapid mixing, after  
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2 min of coagulation. An effective PAC contact time of 21 min was therefore ensured. Mixing 
conditions, coagulant type and conditions of PAC application were adjusted from Tavira’s 
WTP. PAC+C/F/S trials were performed in duplicate.  A PAC dose of 10 mg/L was tested. 

2.7 Analytical methods  

Samples were analysed for pH (at 20ºC, WTW 340 pH meter), electrical conductivity (EC at 
25ºC, Crison GLP 32 conductimeter), turbidity (HACH 2100N turbidimeter of high 
resolution, 0.001 NTU), total and dissolved organic carbon (TOC, DOC) (measured as non-
purgeable organic carbon by high temperature combustion method in a Shimadzu TOC 
5000A), chlorophyll-a and UV254nm (Beckman DU 640B UV/VIS spectrophotometer) using 
standard methods of water analysis. DOC and UV254nm were determined on pre-filtered 
samples through 0.45 µm filters. For chlorophyll-a analysis, samples were filtered through 
GF/F filter paper and the chlorophylls were extracted using 10 mL acetone (90%). The 
optical densities of the extracts were measured at 665 nm and 750 nm using a Beckman DU 
640B UV/VIS spectrophotometer and chlorophyll-a concentration was computed from 
Lorenzen equations (1967). Dissolved and intracellular microcystins were analysed by high 
performance liquid chromatography with photo-diode array detection (HPLC-PDA Dionex 
Summit System) following Meriluoto and Spoof’s procedures (2005a, b, c) with the 
adaptations detailed by Ribau Teixeira and Rosa (2007). The overall concentration of 
microcystins was quantified as MC-LReq. 

3. Results  

3.1 Retention of cyanobacterial cells  

A first set of trials was performed to evaluate the UF removal of M. aeruginosa cells under 
different growth ages. M. aeruginosa was obtained from laboratory cultures growing as 
single cells, whereas in natural environment they grow mainly as colonies. This different 
morphology was considered an advantage, since single cells are the smallest cyanobacteria 
and must therefore be the most difficult to retain by a solid-liquid separation. Furthermore, 
single cells may be used as surrogate to assess the removal of Giardia cysts and 
Cryptosporidium oocysts (Vlaski et al., 1996).  
The removal efficiency of cyanobacterial cells was assessed through chlorophyll-a and 
turbidity measurements. Figure 2 depicts the cycle-averaged concentrations of chlorophyll-a 
and turbidity in the feed and permeate, during the UF cycles performed with M. aeruginosa 
cells 1, 2, 3 and 4 months old.  
Results show the high quality of the permeate, i.e. turbidity was always below 0.1 NTU and 
chlorophyll-a was never detected in the permeate. Even though the feed turbidity varied 
between 2.8  0.4 NTU and 5.3  0.9 NTU, and chlorophyll-a between 28  6 g/L and 40  
14 g/L during the UF filtration cycles, the rejections were always high, namely above 97% 
for turbidity and a complete rejection of chlorophyll-a. These results indicate an absolute 
removal of M.aeruginosa cells and confirm that UF is a safe barrier against cyanobacteria and 
protozoa, as reported in the literature (Ottoson et al., 2006). UF results of cell retention were 
already expected since cyanobacterial cells are 400-600 times larger than the membrane 
pores (4 - 6 m vs. 0.01 m; Chow et al., 1997), and are substantially higher than the algal 
removal efficiencies reported for conventional separation by C/F/S (69-99%) (Vlaski et al., 
1996; Ribau Teixeira & Rosa, 2006, 2007) or even by C/F/dissolved air flotation (92-99%) 
(Ribau Teixeira & Rosa, 2006, 2007, 2010). 
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Fig. 2. Turbidity and chlorophyll-a cycle-averaged concentrations on the feed and permeate 
during constant flow runs with M. aeruginosa cells 1, 2, 3 and 4 months old. 

3.2 Cell lysis  
Experiments were performed to investigate cyanobacterial cell damaging during UF cycles 
(due to shear stresses developed at the membrane surface or from pumping) and 
subsequent release of intracellular cyanotoxins and AOM into the permeate.  
Preliminary UF runs with model solutions of microcystins revealed a low adsorption of 
microcystins by the cellulose acetate membrane (4% average rejection (Campinas & Rosa, 
2010a)). It was thus decided to indirectly assess cell lysis through the evolution of the 
dissolved microcystin concentration in the feed and permeate during the filtration cycle. A 
first set of experiments was performed with M. aeruginosa cultures 1 and 3 months old, and 
the dissolved microcystins concentration was monitored in the feed and in permeate. The 
resulting cycle-averaged rejections are presented in Figure 3. 
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Fig. 3. Cycle-averaged rejection of dissolved microcystins during constant flow runs with M. 
aeruginosa cells 1 and 3 months old. 

Figure 3 shows a cycle-averaged rejection of microcystins of 33% with 1 month old cells and 
65% with 3 months old cells. The studied microcystins are relatively hydrophobic 
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compounds with a molar mass (9851024 Da) much below the cut-off of the hydrophilic 
membrane (100 kDa), making rejection through sieving not an option, but probably through 
adsorption. As single-solute solutions of microcystins revealed their low adsorption onto the 
studied UF membrane, a reasonable explanation for the microcystins rejection exhibited by 
both cultures is the AOM-microcystins interaction, which confers rejection properties to the 
hydrophilic membrane. Due to this AOM-driven microcystins adsorption onto the UF 
membrane, cell lysis assessment based only on the time progression of the dissolved 
microcystin concentration in the feed and permeate is not suitable and underestimates the 
cell lysis phenomenon (cell lysis and microcystins adsorption may happen simultaneously). 
The first set of results prompted the replication of the experiments one month latter. This is, 
by the time of the second set of trials the cultures were 2 and 4 months old. This time, cell 
lysis was assessed through the evolution of intra-microcystin and chlorophyll-a contents in 
the feed during the filtration cycle. The results were analysed through concentration factors 
(Cf = C/C0), comparing the experimental Cf values with the expected ones (Figure 4). The 
latter were computed by mass-balance equation assuming complete rejection, no adsorption 
and no cell lysis. Experimental Cf values lower than expected Cf values were therefore 
interpreted as cell lysis.  
Figure 4 shows the occurrence of cell lysis in both cultures, with a stronger impact in the older 
culture and at the end of the filtration cycle. Chlorophyll-a concentration is not shown but was 
less sensitive to cell lysis than the intra-microcystins concentration (Campinas & Rosa, 2010a). 
On the other hand, Figure 5 reveals a cycle-averaged rejection of total microcystins of 60% 
with the 2 months old culture and of 80% with the 4 months old cells, which indicates the 
importance of the adsorption phenomenon for this older culture. In parallel to cell damage, 
an enhancement of microcystin rejection by the UF cellulose acetate membrane must occur 
with cell ageing, probably associated with the greater content in segregated AOM 
(mucopolysaccharides) and/or protein lysed AOM of older cultures. Consequently, the 
permeate quality did not degrade at all with the oldest culture (39% of dissolved 
microcystin rejection) and suffered only a minor degradation with the youngest culture (-4% 
of dissolved microcystin rejection).  
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Fig. 4. Concentration factors for intracellular microcystins during filtration cycles with M. 
aeruginosa cells 2 and 4 months old: experimental (full) and expected (striped) values based 
on mass-balance equations. 
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Fig. 5. Cycle-averaged rejection of total and dissolved microcystin during constant flow runs 
with M. aeruginosa cells 2 and 4 months old. 

It can be therefore concluded that cell lysis occurs during the UF runs, particularly for older 
cultures, but this event does not necessarily degrade the permeate quality since in parallel to 
cell damage an enhancement of microcystin rejection by the UF membrane is observed with 
cell ageing, probably due to AOM-driven microcystin adsorption on the membrane. Pietsch 
et al. (2002) obtained also higher cell removals and cell lysis by flocculation of M. aeruginosa 
in the stationary growth phase than with cells in the exponential growth phase. 

3.3 UF fouling potential of PAC  

Time-depending fouling runs with PAC addition (5 mg/L) were performed with deionised 
water with 2.5 mM background IS (KCl+CaCl2) and using two cross-flow velocities (CFV), 
0.5 m/s (used in all previous runs) and 1.0 m/s. For comparison purposes, analogous UF 
runs were carried out with no PAC addition. Figure 6 presents the membrane permeability 
as a function of time during PAC/UF and UF runs. 
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Fig. 6. Membrane permeability during UF and PAC/UF time-depending fouling runs at two 
cross-flow velocities (UF: no PAC addition; PAC/UF: 5 mg/L PAC). 
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As explained earlier in section 2.5, it was difficult to manually control the permeate flow, 
and there were in consequence some minor oscillations, especially at the end of the runs. 
Nevertheless, the curves with and without PAC almost overlap, meaning that PAC alone 
did not affect the membrane permeability of the hydrophilic UF membrane. Similar 
results were obtained during concentration-time depending fouling runs (Campinas & 
Rosa, 2010b) and by other authors such as Lin et al. (1999), Yantsios & Karabelas (2001), Li 
& Chen (2004) and Mozia et al. (2005). PAC should deposit on the membrane surface, 
however the PAC average diameter (6 m) is probably large enough to avoid membrane 
pore blocking, forming a porous layer that allows the passage of water with no additional 
resistance.  
Figure 7 displays the normalised turbidity of PAC/UF feed during the time-depending 
fouling runs at two CFV. With both velocities only a fraction of PAC was recycled as a 
suspension and just for a short period of time, and even the higher CFV did not yield a 
higher feed normalised turbidity. A similar PAC deposition rate was observed for both 
CFVs, a behaviour which is analogous to that found by Crozes et al. (1997) and Matsui et al. 
(2001). In addition, for the laminar conditions tested, a comparable membrane permeability 
decrease pattern was observed for CFV 0.5 m/s (Reynolds number of 463, at 20ºC) and  
1.0 m/s (Reynolds number of 926). As a result, the most cost-effective cross-flow velocity 
(0.5 m/s) was used in the following experiments. 
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Fig. 7. Normalised turbidity of PAC/UF feed during the time-depending fouling runs at two 
cross-flow velocities (5 mg/L PAC). 

3.4 AOM fouling potential in PAC/UF  

Some authors concluded that PAC itself does not impose considerable membrane fouling, 
yet the presence of NOM acts as glue that binds the PAC particles to one another and to the 
membrane surface, and increases the fouling resistance (Lin et al., 1999; Li and Chen, 2004). 
To investigate the combined effect of PAC and AOM on the membrane fouling, UF and 
PAC/UF (10 mg/L PAC) fouling runs were performed with algogenic organic fractions 
(AOM and EOM). The normalised flux as a function of time is depicted on Figure 8. 
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Fig. 8. Normalised flux during PAC/UF (10 mg/L PAC) and UF time-depending fouling 
runs with algogenic organic fractions (AOM and EOM). 

Figure 8 shows no differences at all of the normalised flux with and without PAC 
addition, which indicates that PAC neither endorsed nor controlled the membrane 
reversible fouling. The same trend has already been obtained by others (Tomaszewska  
& Mozia, 2002; Mozia et al., 2005; Matsui et al., 2006;) and differ from the results of 
Jermann et al. (2008) with NOM-kaolinite, probably due to the larger particle size of Norit 
SA-UF PAC (6 m) compared to kaolinite (0.1-2 m). Figure 8 also shows that the 
different characteristics of the NOM used in the experiments, i.e. the higher or lower 
protein content or even the higher salt content in EOM solutions, did not seem to modify 
the PAC effect on the membrane reversible fouling. A similar behaviour was observed 
with NOM of different hydrophobicity, such as tannic and humic acids (Campinas  
& Rosa, 2010b).  
EOM run resulted in a more severe membrane fouling than the AOM run, yielding a flux 
decline of 21% after 2 h of operation, somewhat higher than the AOM-driven flux decline 
(18%). Other authors have also obtained a high fouling potential of hydrophilic NOM, as 
that prevailing in AOM and EOM fractions (Table 2) (Her et al., 2004; Lee et al., 2006; 
Zularisam et al., 2007).  
Figure 9 presents NOM rejections with and without PAC addition. PAC improved the TOC 
rejection of AOM (35% vs. 55%) and had no major impact on the UV254nm absorbing 
substances of AOM and on TOC and UV254nm rejections of EOM constituents. This dissimilar 
behaviour is most likely justified by the presence of more hydrophobic compounds in the 
AOM fraction, causing the PAC-driven enhancement of TOC rejection. It seems that the 
highly hydrophilic compounds of EOM (only expressed by the overall content as TOC, since 
UV254nm is not a good indicator for polysaccharides and aromatic tryptophan-like proteins) 
were not easily adsorbed onto PAC, and as such PAC did not improve the membrane 
reversible fouling.  
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Fig. 9. TOC and UV254nm rejections of algogenic organic fractions during PAC/UF (10 mg/L) 
and UF fouling runs (error bars represent standard deviations). 

Given the higher salt content of EOM solution and the lower TOC and UV254nm rejections, 
the higher fouling potential of EOM is attributed to interactions between polysaccharide-
type compounds and multivalent cations. These interactions prompt a denser fouling layer 
which results in an augmented overall resistance to water permeation. These observations 
are in agreement with those found by Jermann et al. (2007) and Katsoufidou et al. (2007) in 
UF studies with alginate (a typical model polysaccharide used as EOM surrogate) in the 
presence of calcium.  

3.5 Comparing UF, PAC/UF and PAC+C/F/S  

The performance of UF, PAC+C/F/S and PAC/UF was compared for removing M. 

aeruginosa cells and microcystins from soft to moderately hard natural waters with 
hydrophilic low molar mass organics (Table 3). PAC/UF and PAC+C/F/S used the same 
PAC dose (10 mg/L) but different PAC type (Norit SA-UF and Filtracarb WP7, respectively) 
and effective PAC contact time (1 h and 21 min, respectively) representing the real full-scale 
scenario. 
Figure 10 shows that all processes ensured an absolute removal of M. aeruginosa cells and 
chlorophyll-a was never detected in the treated water. Although a much lower size of the  
PAC carbon was used (6 µm), PAC/UF process attained a safer removal of particles, as 
turbidity was always below 0.1 NTU, much below the 0.48 NTU obtained with 
PAC+C/F/S (> 98% turbidity rejection by UF and PAC/UF vs. 84% by PAC+C/F/S). 
Between UF and PAC/UF there were some clear differences, in particular a negative 
rejection of dissolved microcystins and UV254nm (-2% and -20%, respectively) was 
observed with UF, most likely due to cell lysis (Campinas & Rosa, 2010c). Comparing both 
processes with PAC addition, i.e. PAC/UF and PAC+C/F/S, greater removal of 
microcystins (intra and extracellular) was achieved by PAC/UF (90% vs. 36%).  
A reasonable explanation is the longer PAC effective contact time and the use of smaller 
PAC particles in PAC/UF process, thus providing longer adsorption time and faster 
kinetics. According to Cook et al. (2001) and Ho & Newcombe (2005), PAC application to 
a conventional clarification has the disadvantages of low contact time with suspended 
carbon (since during settling there is minimal or no adsorption) and floc interference with 
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PAC adsorption capacity, i.e. PAC is incorporated into the flocs and diffusion kinetics are 
reduced.  
On the other hand, conventional clarification showed greater UV254nm removals than 
PAC/UF (66% vs. 39% removal, Figure 10), which is thought to be connected with the cell 
lysis occurrence during UF cycles, causing a deleterious effect on the permeate quality (and 
responsible for the -20% UV254nm rejection in UF runs). PAC/UF improved the UF permeate 
quality in terms of UV254nm but was unable to reach the PAC + C/F/S quality. These results 
reflect the preferential coagulation of high molar mass compounds, a feature that benefits 
the C/F/S process, even if in the present study the conventional clarification was designed 
for particle removal by adsorption/neutralisation rather than for NOM enhanced 
coagulation.  
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Fig. 10. UF, PAC+C/F/S and PAC/UF performances with ozonated water supplemented 
with M. aeruginosa culture and dissolved microcystins (7.2-8.5 µg/L MC-LReq, 4-5 extra/ 
intracellular; 10 mg/L PAC). 

Figure 11 displays the cycle-averaged concentration of microcystins (intra and extracellular) 
in UF, PAC+C/F/S and PAC/UF treated waters. The error bars depicted in the figure are 
standard deviations. 
Both UF and conventional application of 10 mg/L PAC were unable to control  
the microcystins, attaining a permeate concentration of 6.2  0.1 g/L MC-LReq, and  
5.4  0.4 g/L MC-LReq respectively. By opposition, PAC/UF allowed a concentration of 
0.72  0.4 g/L MC-LReq with a PAC dose of 10 mg/L. Higher removal of dissolved 
microcystins would be expected if cell lysis could be avoided or PAC adsorption improved, 
e.g. by using higher PAC dosages, smaller PAC particles or longer PAC retention time.  
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Fig. 11. Cycle-averaged microcystin concentration of treated waters produced by UF, 
PAC+C/F/S and PAC/UF application to ozonated water supplemented with M. aeruginosa 
culture and dissolved microcystins (7.2-8.5 µg/L MC-LReq, 4-5 extra/intracellular;  
10 mg/L PAC). 

4. Conclusions  

This chapter summarises the results of a comprehensive study of the removal of 
cyanobacterial cells and toxins from drinking water by PAC/UF hybrid process, focusing on 
the main questions involving each technology and the singularities of these environmental-
health hazards.  
The first objective of the present research was to evaluate the UF performance for removing 
cyanobacterial cells under different growth ages, with special attention to cell damaging and 
subsequent degradation of permeate quality. The results obtained show UF as a safe barrier 
against cyanobacteria, ensuring an absolute removal of M. aeruginosa single cells, the 
smallest cyanobacterial cells and hence the most difficult to remove. Data showed an 
increased cell lysis with cell ageing, although it did not necessarily degrade permeate 
quality, as in parallel to cell damage an enhancement of microcystin rejection by the UF 
hydrophilic membrane (of cellulose acetate) was observed with cell ageing. This effect is 
most probably due to AOM-driven microcystin adsorption on the membrane, connected to 
the greater content of the older cultures in segregated AOM (mucopolysaccharides) and/or 
protein lysed AOM.  
The second objective of this study was to investigate the foulant behaviour of the PAC itself 
and to analyse if different NOM fractions change the overall PAC effect on the UF 
performance. Data of UF time-depending fouling runs showed that UF membrane 
effectively retained the fine PAC particles and that PAC did not affect the hydrophilic 
membrane permeability. The different protein and salt contents of the algal organic fractions 
(AOM and EOM) did not change the PAC effect on the membrane reversible fouling as 
suggested by some authors.  
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The third objective was to assess PAC contribution to the fouling control by algogenic 
organic matter in PAC/UF hybrid process. Data showed that EOM had a greater impact on 
membrane fouling than AOM, probably due to polysaccharide-like substances interaction 
with multivalent ions, resulting in dense fouling layers. PAC improved the rejection of 
hydrophobic AOM but it was apparently ineffective for adsorbing the highly hydrophilic 
EOM, and as such did not improve the EOM-driven membrane reversible fouling. 
This comprehensive study ultimately aimed to investigate the removal of M. aeruginosa cells 
and microcystins from natural waters by PAC/UF and to compare this process with PAC 
application to conventional clarification (PAC+C/F/S). Data showed that the membrane-
based processes (PAC/UF and UF alone) ensured an absolute removal of M. aeruginosa cells, 
and chlorophyll-a was never detected in treated waters. In addition, both UF processes 
achieved an excellent overall control of particles (turbidity below 0.1 NTU), but PAC/UF 
remarkably improved the rejection of dissolved microcystins and UV254nm absorbing 
substances, from negative values observed with UF due to cell lysis, to 87% and 30%, 
respectively.  
Comparing PAC/UF and PAC+C/F/S, the former ensured a significant improvement in 
turbidity rejection (99% vs. 84%) and especially in total microcystins rejection (90% vs. 36%) 
and concentration in the treated water (0.72 vs. 5.4 g/L MC-LReq), as a result of enhanced 
adsorption kinetics in PAC/UF (due to longer PAC effective contact time, smaller PAC 
particles and PAC not incorporated in the flocs). Nevertheless, PAC application to C/F/S 
achieved higher removal of UV254nm absorbing substances than PAC/UF (66% vs. 39%), 
justified by privileged coagulation of large compounds and detrimental UF effect on cell 
integrity. The fouling behaviour of algal organic matter and the cell lysis occurrence during 
UF, with subsequent release of dissolved microcystins and AOM to water, indicate that UF 
with no PAC addition is inadequate to treat cyanobacterial-rich waters and highlight the 
relevance of a roughing clarification step prior to PAC/UF. 
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concepts and keywords with which detailed information may be gathered through internet search engines.

Papers and reviews collected in this volume covers the spectrum of topics on the desalination of water, too

broad to delve into in depth. The literature citations in these papers serve to fill in gaps in the coverage of this

book. Contributions to the knowledge-base of desalination is expected to continue to grow exponentially in the

coming years.
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