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a b s t r a c t

Cyanobacterium Cylindrospermopsis raciborskii may cause problems in drinking water treatment 
plants if specific attention is not focused on removing the cyanobacteria. Slow sand filtration pos-
sesses a good capacity for cyanobacteria removal and is a simple alternative to more expensive treat-
ments. However, high cyanobacteria concentrations can correspond to an operational problem for 
slow sand filters by reducing the filter running time, and therefore rough filtration is necessary. In 
this study, two similar upflow slow sand filters were used to evaluate C. raciborskii removal. Water 
with 9.1 × 105 cells/mL was used and an average of 99% of cells were removed. Nevertheless, aver-
age concentrations of 1.4 × 104 and 2.1 × 104 cells/mL were observed after filtration, and this could 
continue to act as a problem for water treatment. The system also indicated good results in terms 
of removing total coliforms, colour and turbidity. The average turbidity was below 1.0 NTU, which 
is the maximum value permitted by Brazilian regulations and WHO recommendations. The major 
advantage of the upflow slow sand filter involved the high removal of C. raciborskii without compro-
mising the running time of the filter with the filters operating for almost 80 days without the use of 
rough filters. However, it is necessary to use a complementary treatment process to achieve better 
water quality results.
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1. Introduction

Cyanobacteria can cause problems in conventional 
drinking water treatment plants. This is because these 
plants do not remove the cyanobacteria since coagulation, 
flocculation, and decantation are not efficient [1]. Flotation 
or pre-oxidation processes are used to solve this problem 
[1,2]. The presence of cyanobacteria in drinking or recre-
ation water poses a considerable risk to human health due 
to the ability of numerous strains to produce and secrete 
toxic chemical compounds [3–5].

Cylindrospermopsis raciborskii is a filamentous 
diazotrophic cyanobacterial species known as a producer 
of cylindrospermopsin (CYN) and saxitoxin (STX) [6]. The 
type of toxins produced can be associated with geographic 

distribution, and the most broadly distributed toxigenic 
members of the species produce CYN [7,8]. Additionally, 
STX-producing C. raciborskii strains were reported in South 
America [9].

A previous study indicated that C. raciborskii was resis-
tant in a wide range of environmental conditions includ-
ing not optimal conditions [10]. It can grow in conditions 
that involve nutrient deficiency, and these conditions are 
likely to promote the production of secondary metabolites, 
including CYN and STX that are toxic to human beings. 
Thus, the fore-mentioned adaptations allow C. raciborskii to 
spread to new environments and dominate environments 
that it currently inhabits. The species was initially identi-
fied mostly in tropical and subtropical latitudes although its 
prevalence in temperate regions has increased over the past 
two decades [4]. This could be related to different factors 
such the physiological adaptability, improved analytical 
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methods, frequency analysis and environmental changes, 
such as global warming [8].

Furthermore, C. raciborskii is one of the most frequently 
investigated CYN-producing cyanobacteria due to its wide 
geographical distribution and acceptance as the first recog-
nized CYN-producer [5]. In Brazil, C. raciborskii toxin pro-
duction capacity is reported in different locations in which 
STX is the most commonly produced toxin [5,8,11–15]. In 
North America, C. raciborskii has been identified as a pro-
ducer of teratogenic poly-1-methoxyalkenes [16]. Addi-
tionally, recent studies suggest that however European 
strains of C. raciborskii may be unable to produce CYN or 
STX although they can reveal certain toxicities through 
unknown and yet to be identified chemicals [5,17–19].

It is documented that the use of slow sand filters and 
biofilms provides a low cost solution to produce safe pota-
ble water [1]. This is due to the use of selected biodegrading 
bacteria that can degrade toxins [20–26]. Slow sand filtra-
tion (SSF) was tested for C. raciborskii removal and yielded-
good results [27–29]. However, SSF without pre-filtration is 
typically associated with a short running time [27–30].

The use of pre-filters (or rough filters) can significantly 
increase filter running time and make SSF efficient with 
respect to the removal of the cyanobacteria [29,31]. Extant 
research also evaluated STX removal capacity by down 
flow SSF [29]. The findings indicated that the high density 
of C. raciborskii decreased STX removal efficiency, and this 
was attributed to a possible cell lysis in the filter. The prob-
lem was not reported with the use of a pre-filter [29].

The use of up flow slow sand filters (USSF) is not com-
mon, and only a few studies use this technology although 
good results including turbidity, apparent colour and coli-
form removal were demonstrated [32,33]. In USSF, the flow 
occurs from the bottom to the top of the filter. This allows 
the water to pass through the support layer prior to the 
filter media. Therefore, the support layer has a pre-filter 
function that it does not possess in down flow systems [32]. 
SSF involve a simple operation. Chemical treatment prior 
to the filtration is not required, and low energy is expended 
in cleaning the filters [34]. The only problem presented by 
the SSF for C. raciborskii cells removal corresponds to the 
short running time, although this can be solved by using a 
pre-filter [29,31] which in an USSF is on the filter itself [32].

The aim of the present study involved evaluating the 
potential of USSF in removing C. raciborskii cyanobacteria 
cells. Water samples from a lake in which the cyanobacteria 
are present in high densities were used to imitate a realistic 
situation. The upflow is a good alternative to solve the prob-
lem of short filtration running time since the water passes 
through gravel media prior to the sand filter media. In the 
present study toxin concentrations were not measured in raw 
and filtered water. The efficiency of filtration system in this 
study was only based on the removal of C. raciborskii cells.

2. Materials and methods

2.1. Characteristics of the raw water

The water used in the study was obtained from a coastal 
tropical lake known as the Lagoa do Peri (LP). The lake is 
located on Santa Catarina Island, in Florianopolis, Brazil. 

The lake is free from the influence of ocean water and is 
considerably influenced by winds in the region. This leads 
to significant homogeneity of the water column, which can-
reach a depth of 11 m [37].

In LP, the density of C. raciborskii  almost corresponds to 
106 cells/mL, and it is the dominant phytoplankton species 
in the lake [27,38]. Studies in this area revealed that this den-
sity has a short seasonal variation and that the C. raciborskii 
dominance is due to the lack of nutrients, such as nitrogen 
and phosphorus, in the water [37,39,40]. Hennemann and 
Petrucio (2011) pointed out that the dominance is a result of 
several intrinsic factors such as high affinity for phospho-
rus, high P-storage capacity, high affinity for ammonium, 
superior shade tolerance and wide thermal tolerance [37].

Additionally, STX, CYN and Microcystin (MYC) were 
reported in LP waters [11,14,36]. In a previous study by 
Sens et al. (2009), intracellular eq. STX were found with 
average concentrations of 2 µm/L in raw water. Samples 
were collected monthly from 2001 to 2003 [11]. STX, MYC, 
extracellular and intracellular CYN were observed in sam-
ples collected from September to December 2006 and the 
study reported that cyanotoxins were detected in a few 
samples and recommended that a further study should be 
conducted in the area. However, these are the only reports 
about the production of toxins ever since [14]. The fact of 
most toxins was detected in intracellular manner is a reason 
for the removal of intact cells by treatment processes.

However, the present study did not investigate any cya-
nobacterial metabolites in raw and purified water. 

The systems used in the study were in the facilities of 
a drinking water treatment station. The station also uses 
water from LP to supply the local population. The water 
used is directly obtained from the lake to the station and 
then pumped for 24 h/d from a bypass to the raw water 
(RW) reservoir (Fig. 1), and thus the water is always fresh 
and not diluted.

2.2. Upflow slow sand filters

Two equal upflow slow sand filter columns (USSF1 and 
USSF2) were used in this study (Fig. 1). The filters include a 
30 cm support layer of gravel underneath a 40 cm sand filter 
bed in cylindrical columns with a diameter of 20 cm. The fil-
ter bed depth is lower than the typical depth of USSF. Previ-
ous studies affirm that biological activity occurs in the first 
35 cm of the filter bed in upflow systems [32,41], and thus 
a 40 cm deep layer was used to simplify the filter cleaning.

In the filter bed, sand was used with an effective grain 
size (d10) of 0.30 mm, a uniformity coefficient of 1.6 (cu), and 
a total porosity (nt) of 0.45. The support layer was com-
posed of three layers in which each layer involved different 
gravel sizes, and the gravel size decreased in the direction 
of flow as shown in Table 1, that provides a summary of the 
characteristics of the filter.

The filters include a charge chamber that assures a 
hydraulic-only operation of the filter with a permanent flow 
rate of 4 m/d (empty volume velocity). The lake water was 
pumped to the charge chamber from a reservoir by a peri-
staltic pump, and the filter run was controlled by varying the 
water column level in the chamber by 70 cm. That implied 
that a maximum head loss of 70 cm in the filter media and the 
support layer was established as the filter run limit.
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At the end of the run, the filter was cleaned and put 
back into operation. Different cleaning procedures were 
employed in the different filters based on necessity. This 
was the only difference between USSF1 and USSF2. Three 
procedures were used, namely bottom discharge, bottom 
discharge with water entering the interface between the 
support layer and filter bed, and finally backwash. The 
procedures were used separately or two of the procedures 
were used in combination with each other. Different pro-
cedures were tested in different filters each time a cleaning 
was needed, thus, the efficiency of cleaning could be eval-
uated. Bottom discharge by itself was not efficient, and a 
combination of two or more procedures were necessary to 
afford a good filter media and support layer cleaning. The 
filters were developed by the LAPOA with the purpose of 
operational improvement.

The bottom discharge was used to regenerate the headloss 
on the filter media and support layer. In this procedure, the 
flow rate was reversed, and this disturbed the filter hydrau-
lics. The disturbance and the increase in the flow rate allowed 
detachment of impurities that were carried out from the fil-
ter. The bottom discharge with water entering the interface 
between the support layer and filter bed works in the same 
manner although it only disturbs the support layer, and the 
disturbance exceeds that of the simple bottom discharges [42]. 

Backwashing was used to regenerate the headloss when 
the bottom discharges were no longer efficient. The filter 
media fluidisation caused by backwashing was more effi-
cient for filter cleaning. However, intermediate bottom 
discharges between backwash cleanings improved the 
operational time [42,43]. The combination of these cleaning 
methods is less labour-intensive than the usual scraping 

Fig. 1. The upflow slow sand filter system.
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used in downflow SSF and only involved the operation of 
valves [43].

2.3. Water quality monitoring

The quality of RW and filtered water were monitored 
thrice a week for almost seven months from April to Novem-
ber 2014. Additionally, C. raciborskii cyanobacteria density, 
turbidity, colour, coliforms, organic carbon and 254 nm UV 
light absorbance were monitored for the analysis. Coliforms 
were monitored only in the last month.

Turbidity was evaluated on a HACH 2100N turbidi-
meter (Nephelometric method). The colour was evaluated 
using a HACHDR21000 Spectrophotometer (Spectropho-
tometric – Single-wavelength method). The total organic 
carbon (TOC) and dissolved organic carbon (DOC) were 
measured by a Shimadzu Toc5000A analyser using a high 
temperature combustion method. The 254 nm UV light 
absorbance was measured in a 1 cm length cell in an Opti-
zenPop 3000W Spectrophotometer. All methodologies are 
described by the Standard Methods for the Examination of 
Water and Wastewater [44].

In LP, the characteristics of C. raciborskii individuals 
include a chained filament of C. raciborskii cells and het-
erocyst can occur. Thus, the counted individuals were 
then multiplied by the average number of cells typically 
found in the individuals. Therefore, the removal of cya-
nobacteria cells was not underestimated due to the use 
of results in which only the counted individuals were 
included.

The C. raciborskii filaments were counted with an Olym-
pus BX40optical microscope in Sedgewick chambers. The 
number of filaments was multiplied by the average number 
of cells per filament in the examined water samples (raw or 
filtered).

Coliforms were measured using the defined chromo-
genic substrate method. An ONPG-MUG Colilert® sub-
strate and a Quanti-Tray®/2000 apparatus were used.

3. Results and discussion

Table 2 lists the main properties of the RW used in the 
study and the filtered water in systems 1 and 2 (USSF1 and 
USSF2).

Table 1 
Upflow slow sand filters’ constructive and operational 
characteristics

Maximum filter media headloss 70 cm
Water column above the filter media 80 cm
Support layer depth 30 cm
Material and characteristics of support 
bed

Gravel: 
L = 10 cm 
d = 6.65–12.7 mm 
L = 10 cm 
d = 3.18–6.65 mm 
L = 10 cm 
d = 2.00–3.18 mm

Material and characteristics of filter 
media

Sand: 
L = 40 cm 
d10 = 0.30 mm 
cu = 1.56 
nt= 0.45

Table 2 
Quality properties of the raw and filtered water in systems USSF1 and USSF2

 Unit RW USSF1 USSF2 WHOa Brasil 
(2011)a

M.V. M.V. Removal M.V. Removal

M. M. M.

Turbidity NTU 5.29 0.80 85% 0.97 82% 5, if possible 
1, in small 
systems

1b

5.31 0.67 87% 0.76 86%

Apparent colour Pt/Co 81 19 77% 21 74% 15c

81 17 79% 17 79%
True colour Pt/Co 13 14 15

11 14 13
C. raciborskii density cells/mL 9.1 × 105 1.3 × 104 98% 2.1 × 104 98%

9.2 × 105 1.1 × 104 99% 1.1 × 104 99%
TOC mg/L 7.94 5.04 36% 4.95 38%

7.95 5.04 37% 4.89 39%
DOC mg/L 5.15 4.71 9% 4.58 11%

4.75 4.58 4% 4.46 6%
254 nm absorbance cm–1 0.058 0.074 0.073

0.057 0.070 0.074
Total coliforms MPN/100 

mL
2.3 × 104 2.8 × 103 88% 3.5 × 103 85% Absenceb Absenceb

2.0 × 104 2.2 × 103 89% 1.4 × 103 93%

M.V. – mean value; M. – median; amaximum value recommended; bafter filtration, before disinfection; cafter disinfection.
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3.1. Turbidity and colour removal

Both filters removed turbidity satisfactorily since they 
removed more than 80% of turbidity on an average, and 
this resulted in an average turbidity below 1.0 NTU (Fig. 
2), which is the maximum value permitted by Ordinance 
2914 of the Brazilian Ministry of Health. A statistical anal-
ysis indicated a difference in the removal of turbidity 
between the two filters. There was also removal of appar-
ent colour (Fig. 3c). A statistical analysis did not indicate 
any difference between the true colour of the RW and the 
filtered water (Fig. 3b). This indicated that there was no 
significant removal of true colour by the USSF. It is also 
considered that the colour removal is related to suspended 
solids since a statistical analysis did not indicate any sig-
nificant difference between true and apparent colour from 
filtered water. SSF are known to be incapable of removing 
true colour [34].

These results were expected and in keeping with those 
reported in a previous study of USSF by Murtha and Heller 
(2003) [32]. In the study, the upflow system also exhibited 
better results when compared to a similar downflow system.

3.2. Coliform removal

Total coliforms were adequately removed by the USSF 
(Fig. 4). Escherichia coli were only detected in a few RW sam-
plings and in just a filtered water sample. The removal of 

coliforms was monitored in only a single filter run (almost 
80 days). In the filter run, a decrease in water quality was 
observed with respect to the USSF2 as well as bad results of 
turbidity removal. This resulted in a difference in the total 
coliform removal between the two filters (Table 2).

The disinfection by SSF is related to a dirt layer above 
the filter media termed as the schmutzdecke. This is a layer 
composed of suspended solids trapped on the surface above 
the filter bed in down flow SSF. Protozoal predation on the-
layer is responsible for  high disinfection levels achieved 
by SSF [34,45,46]. It is assumed that the schmutzdecke does 
not develop in a USSF because of the flow direction. Nev-
ertheless, it is assumed that the support layer behaves as a 
pre-filter, and the results of a few studies indicated support-
for coliform removal [32,33].

A study by Murtha and Heller (2003) indicated a lower 
removal (2.22 Log removal) of coliforms by USSF when com-
pared to downflow conventional SSF (2.73 Log removal) in 
which USSF1 removed 2.31 Log average. Furthermore, the 
support layer was responsible for removing an average of 
96% of total coliforms in the same study.

3.3. Cylindrospermopsis raciborskii removal

The RW presented an elevated density of C. raciborskii 
cells, with a density of 9.1 × 105 cells/mL (Fig. 5). Both USSFs 
removed C. raciborskii cells, as well as 99% of RW cells with 
removal scor responding to 2.0 Log and 1.9 Log for each 
USSF as shown in Fig. 6. A significant difference was not 
observed between USSFs. It was also observed that only the 
smallest individuals passed through the filter media, and 
thus the number of counted individuals was multiplied by 
three while the number of individuals from the RW was 
multiplied by fifteen.

In this study, pre-filters were not used and the filter 
runs were not impaired. This was not the case in a study 
by Pereira et al. [31] in which the filter run of the down-
flow SSF was negatively influenced by the high density of 
the same cyanobacteria that were removed on the top of 
the filter media layer. This quickly increased the headloss 
and necessitated the use of pre-filters (gravel filters) since 
the time involved in the filter run was shorter than 24 h. 
Other studies with LP water also reported short filter run in 
downflow SSFs [27,30].Fig. 2. Boxplot of turbidity data of raw and filtered water (n = 81).

Fig. 3. Boxplot of apparent (a) and true (b) colour data of raw and filtered water (n = 81).
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However, high concentrations of C. raciborskii cells were 
found even after considerable amounts of removal. This was 
because the USSF was not capable of removing small individ-
uals or there was a filament break on the filter. This can pose a 
problem because it can cause a regrowth on the system. Addi-
tionally, there is also a possibility of cell lysis and liberation of 
toxins or odour compounds or the formation of disinfection 
by-products [47,48]. A similar problem was reported in study 
by Pereira et al. [31] with the use of downflow SSF.

The present study did not investigate any cyanobac-
terial metabolites in raw and purified water. Previous 
studies reported the possibility of toxic substances in the 
water of the LP and that the high density of cyanobacteria 
at the end of filtration is a cause for concern [11,36]. In the 
study, cyanotoxins were not evaluated, and thus it was 
not possible to form a conclusion about their presence. 
However, this could still involve a risk in the treatment 
involved this case.

A solution to this problem could involve the use of a 
pre-oxidant process [11,49]. However, these processes 
could elevate the costs of the technology. Another solution 
involves the use of a granular active carbon (GAC) column. 
A GAC column is a good alternative to this case since it 
can remove the toxins and odour compounds that can be 
formed on the SSF [49]. In this case a layer of GAC could be 
easily employed above filter media.

3.4. Organic carbon removal

The organic carbon removal was measured by moni-
toring TOC, DOC (Fig. 7), and the sample’s absorbance of 
254 nm UV light (Fig. 8).

In the RW, 70% of the TOC is represented by DOC. As 
shown (Fig. 7), most of the particulate organic carbon was 
removed by the USSF. This conclusion was possible because 
there is no statistical difference between the TOC and the 
DOC of filtered water.

Fig. 4. Boxplot of total coliform data of raw and filtered water 
(n = 12).

Fig. 5. Boxplot of C. raciborskii cell counts in raw and filtered 
 water (n = 50).

Fig. 7. Boxplot of TOC and DOC of raw and filtered water  
(n = 42).

Fig. 6. Boxplot of removal of C. raciborskii cells (n = 50).

Fig. 8. Boxplot of 254 nm absorbance of raw and filtered water 
(n = 42).
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High values of DOC were also reported by other stud-
ies that investigated the same water [12,27]. The high DOC 
concentration level is related to the presence and predomi-
nance of C. raciborskii tha represent 98% of the bacterial car-
bon [50]. The remaining part of the DOC is problematic due 
to the possibility of formation of disinfection by-products.

This concern is confirmed by the increase in the absor-
bance level of the filtered water when compared to that 
of the RW, since the absorbance level of the filtered water 
supposed to decrease. There was no significant difference 
between the two filters.

4. Conclusions

The results indicated that the proposed system was 
efficient in the removal of suspended materials such 
as turbidity and particulate organic carbon. The main 
advantage of the USSFs used in the study related to the 
significant removal of the C. raciborskii cells without a 
negative operational influence on the filters that were 
operated for more than 80 d without filter bed cleaning. 
The filters revealed significant removal of high concen-
trations of C. raciborskii with an average removal of 2 Log 
of cells. This is a positive result since SFF is a simple 
treatment and can be easily used to reduce the costs of 
this type of raw water treatment.

However, the remaining density of C. raciborskii 
(above 104 cells/mL) may still cause a problem after the 
disinfection processes. Multiple processing steps are rec-
ommended for the treatment of water in which high den-
sities of cyanobacteria and USSF are not excluded and this 
could increase the costs of the technology. Additionally, 
the removal of dissolved organic substances present in the 
RW is also not desirable. It is considered that a transfor-
mation of the organic matter in the filter contributed to the 
augmentation of absorbent 254 nm UV light substances. 
These types of substances may cause a problem after dis-
infection due to the possibility of formation of disinfection 
by-products.

Therefore, further studies of the potential of the USSF 
application of the proposed technique is recommended to 
remove high density of C. raciborskii to ensure good results 
with respect to cyanobacteria metabolites removal and 
organic carbon transformation on the filter.

It is also necessary to develop a cleaning system for 
an improved application of the technique and to study 
simple techniques as a complementary treatment for the 
application of a simple system for C. raciborskii removal. 
It is also recommended to conduct further studies with 
different water sources. Nevertheless, good results with 
respects to operational running time were obtained with a 
matrix that was expected to be problematic, and this is an 
indication that interesting results could be obtained with 
water from a more appropriate source for the use of the 
SSF technology.

Acknowledgements

The authors are grateful to the students, A. Ghisi, L. 
Puschnic, and B. Toscano, at the Department of Sanitary 
and Environmental Engineering of Universidade Federal de 

Santa Catarina (UFSC), for their assistance in the experimen-
tal work and cyanobacteria counting, CASAN for allowing 
the development of this work in their facilities at Lagoa do 
Peri’s drinking water treatment plant, and K. H de Souza 
for the first review. F. H. de Souza’s work is supported 
by the Conselho Nacional de Desenvolvimento Científico 
(CNPq), Brazil.

References

[1] D. Pantelić, Z. Svirčev, J. Simeunović, M. Vidović, I. Trajković, 
Cyanotoxins: characteristics, production and degradation 
routes in drinking water treatment with reference to the situa-
tion in Serbia, Chemosphere, 91 (2013) 421–441. 

[2] R.I. Mondardo, M.L. Sens, L.C. de Melo Filho, Pré-tratamento 
com cloro e ozônio para remoção de cianobactérias, Eng. Sanit. 
E Ambient., 11 (2006) 337–342.

[3] G. Codd, Cyanobacterial toxins, the perception of water qual-
ity, and the prioritisation of eutrophication control, Ecol. Eng., 
16 (2000) 51–60. 

[4] S. Haande, T. Rohrlack, A. Ballot, K. Røberg, R. Skulberg, M. 
Beck, C. Wiedner, Genetic characterisation of Cylindrosper-
mopsis raciborskii (Nostocales, Cyanobacteria) isolates from 
Africa and Europe, Harmful Algae., 7 (2008) 692–701. 

[5] P. Rzymski, B. Poniedziałek, In search of environmental role of 
cylindrospermopsin: a review on global distribution and ecol-
ogy of its producers, Water Res., 66 (2014) 320–337.

[6] P.R. Hawkins, M.T.C. Runnegar, A.R.B. Jackson, I.R. Falconer, 
Severe hepatotoxicity caused by the tropical cyanobacterium 
(blue-green alga) Cylindrospermopsis raciborskii (Wolo-
szynska) Seenaya and Subba Raju isolated from a domestic 
water supply reservoir, Appl. Environ. Microbiol., 50 (1985) 
1292–1295.

[7] J. Padisák, Cylindrospermopsis raciborskii (Woloszynska) 
Seenayya et Subba Raju, an expanding, highly adaptive cya-
nobacterium: worldwide distribution and review of its ecol-
ogy, Arch. für Hydrobiol. Suppl. Monogr. Beitrage., 107 (1997) 
563–593.

[8] R. Sinha, L.A. Pearson, T.W. Davis, M.A. Burford, P.T. Orr, B.A. 
Neilan, Increased incidence of Cylindrospermopsis racibor-
skii in temperate zones--is climate change responsible?, Water 
Res., 46 (2012) 1408–1419. 

[9] K. Stucken, U. John, A. Cembella, A.a. Murillo, K. Soto-Liebe, 
J.J. Fuentes-Valdés, M. Friedel, A.M. Plominsky, M. Vásquez, G. 
Glöckner, The smallest known genomes of multicellular and 
toxic cyanobacteria: comparison, minimal gene sets for linked 
traits and the evolutionary implications, PLoS One, 5 (2010) 
e9235. doi:10.1371/journal.pone.0009235.

[10] D. Tonetta, M.C. Hennemann, D.M. Brentano, M.M. Petrucio, 
Considerations regarding the dominance of Cylindrospermo-
psis raciborskii under low light availability in a low phospho-
rus lake, Acta Bot. Brasilica., 29 (2015) 448–451.

[11] M.L. Sens, R.I. Mondardo, L.C. De Melo, Cyanobacteria and 
sanitoxin removal prior to direct filtration by ozonation 
assessing and riverbank filtration, in: L.M.G. Duarte, P. Pinto 
(Eds.), Sustain. Dev. Energy, Environ. Nat. Disasters, Uni-
versidade de Évora e Fundação Luis Molina, Évora, 2009: pp. 
133–148.

[12] L.G. Romero, R.I. Mondardo, M.L. Sens, T. Grischek, Removal 
of cyanobacteria and cyanotoxins during lake bank filtration 
at Lagoa do Peri, Brazil, Clean Technol. Environ. Policy., 16 
(2014) 1133–1143.

[13] I.aS. Costa, S.M.F.O. Azevedo, P.aC. Senna, R.R. Bernardo, S.M. 
Costa, N.T. Chellappa, Occurrence of toxin-producing cyano-
bacteria blooms in a Brazilian semiarid reservoir, Braz. J. Biol., 
66 (2006) 211–219.

[14] T.V. Garcia, Tratamento De Água Eutrofizada Através Da 
Ozoflotação, Universidade Federal de Santa Catarina, Depar-
tamento de Engenharia Sanitária e Ambiental. Tese de Douto-
rado, 2007.



F.H. de Souza et al. / Desalination and Water Treatment 79 (2017) 1–88

[15] R. Sinha, L.a. Pearson, T.W. Davis, J. Muenchhoff, R. Pratama, 
A. Jex, M.a. Burford, B.a. Neilan, Comparative genomics of 
Cylindrospermopsis raciborskii strains with differential tox-
icities, BMC Genomics., 15 (2014) 83.

[16] A. Jaja-Chimedza, C. Saez, K. Sanchez, M. Gantar, J.P. Berry, 
Identification of teratogenic polymethoxy-1-alkenes from 
Cylindrospermopsis raciborskii, and taxonomically diverse 
freshwater cyanobacteria and green algae, Harmful Algae., 49 
(2015) 156–161.

[17] Á. Vehovszky, A.W. Kovács, A. Farkas, J. Győri, H. Szabó, G. 
Vasas, Pharmacological studies confirm neurotoxic metabo-
lite(s) produced by the bloom-forming Cylindrospermopsis 
raciborskii in Hungary, Environ. Toxicol., 30 (2015) 501–512. 

[18] A. Acs, A.W. Kovács, J.Z. Csepregi, N. Törő, G. Kiss, J. Győri, 
A. Vehovszky, N. Kováts, A. Farkas, The ecotoxicological eval-
uation of Cylindrospermopsis raciborskii from Lake Balaton 
(Hungary) employing a battery of bioassays and chemical 
screening, Toxicon., 70 (2013) 98–106. 

[19] J. Fastner, R. Heinze, A. Humpage, U. Mischke, G. Eaglesham, 
I. Chorus, Cylindrospermops in occurrence in two German 
lakes and preliminary assessment of toxicity and toxin pro-
duction of Cylindrospermopsis raciborskii (Cyanobacteria) 
isolates, Toxicon., 42 (2003) 313–321. 

[20] P. Babica, L. Bláha, B. Marsálek, Removal of microcystins by 
phototrophic biofilms. A microcosm study, Environ. Sci. Pol-
lut. Res. Int., 12 (2005) 369–374.

[21] D.G. Bourne, R.L. Blakeley, P. Riddles, G.J. Jones, Biodegra-
dation of the cyanobacterial toxin microcystin LR in natural 
water and biologically active slow sand filters, Water Res., 40 
(2006) 1294–1302. 

[22] L. Ho, T. Meyn, A. Keegan, D. Hoefel, J. Brookes, C.P. Saint, 
G. Newcombe, Bacterial degradation of microcystin toxins 
within a biologically active sand filter, Water Res., 40 (2006) 
768–774. 

[23] I. Adler, K.A. Hudson-Edwards, L.C. Campos, Evaluation of a 
silver-ion based purification system for rainwater harvesting 
at a small-scale community level, J. Water Supply Res. Tech-
nol., 62 (2013) 545.

[24] C. Edwards, D. Graham, N. Fowler, L.A. Lawton, Biodegra-
dation of microcystins and nodularin in freshwaters, Chemo-
sphere, 73 (2008) 1315–1321. 

[25] L. Heller, The crisis in water supply: how different it can look 
through the lens of the human right to water?, Cad. Saude 
Publica., 31 (2015) 447–449. 

[26] L. Ho, E. Sawade, G. Newcombe, Biological treatment options 
for cyanobacteria metabolite removal – A review, Water Res., 
46 (2012) 1536–1548.

[27] B.S. Pizzolatti, M. Soares, L. Romero, M. Luiz Sens, Compar-
ison of backwashing with conventional cleaning methods in 
slow sand filters for small-scale communities, Desal. Water 
Treat., 54 (2014) 1–7. 

[28] S.P. Pereira, F.C. Martins, L.N.L. Gomes, M.V. Sales, V.L. De 
Pádua, Removal of cyanobacteria by slow sand filtration for 
drinking water, J. Water, Sanit. Hyg. Dev., 2 (2012) 133.

[29] A.E.S. de Melo, Avaliação da filtração lenta na remoção de 
células de Cylindrospermopsis raciborskii e saxitoxinas, Uni-
versidade de Brasília, Departamento de Engenharia Civil e 
Ambiental. Dissertação de Mestrado, 2006.

[30] F.H. de Souza, B.S. Pizzolatti, J.M. Schöntag, M.L. Sens, Study 
of slow sand filtration with backwash and the influence of the 
filter media on the filter recovery and cleaning, Environ. Tech-
nol., 37 (2016) 1802–1810.

[31] S.P. Pereira, F.D.C. Martins, L.N.L. Gomes, M.D.V. Sales, V.L. 
De Pádua, Removal of cyanobacteria by slow sand filtration for 
drinking water, J. Water, Sanit. Hyg. Dev., 2 (2012) 133.

[32] N.A. Murtha, L. Heller, Avaliação da influência de variáveis 
hidráulicas, parâmetros de projeto e das características da 
água bruta na eficiência de filtros lentos de areia, Eng. Sanit. E 
Ambient., 8 (2003) 257–267.

[33] R.H.R. da Costa, Estudos comparativos da eficiencia de filtros 
lentos de areia convencionais e de fluxo ascendente, Universi-
dade de São Paulo, Escola de Engenharia de São Carlos. Disser-
tação de Mestrado, 1980.

[34] L. Huisman, W.E. Wood, Slow sand filtration, World Health 
Organization, Geneva, Belgium, 1974.

[35] L.G. Romero, R.I. Mondardo, M.L. Sens, T. Grischek, Removal 
of cyanobacteria and cyanotoxins during lake bank filtration 
at Lagoa do Peri, Brazil, Clean Technol. Environ. Policy., 16 
(2014) 1133–1143.

[36] L.C. de Melo, Avaliação da ozonização como pré ou pós-trata-
mento à filtração direta descendente na remoção de cianobac-
térias e saxitoxinas, Universidade Federal de Santa Catarina, 
Departamento de Engenharia Sanitária e Ambiental. Tese de 
Doutorado, 2006.

[37] M.C. Hennemann, M.M. Petrucio, Spatial and temporal 
dynamic of trophic relevant parameters in a subtropical 
coastal lagoon in Brazil, Environ. Monit. Assess., 181 (2011) 
347–361. 

[38] J.M. Schöntag, B.S. Pizzolatti, V.H. Jangada, F.H. de Souza, 
M.L. Sens, Water quality produced by polystyrene granules as 
a media filter on rapid filters, J. Water Process Eng., 5 (2015) 
118–126. 

[39] D. Tonetta, M.M. Petrucio, R. Laudares-Silva, Temporal varia-
tion in phytoplankton community in a freshwater coastal lake 
of southern Brazil, Acta Limnol. Bras., 25 (2013) 99–110. 

[40] L.K. Lisboa, A.L.L. da Silva, M.M. Petrucio, Aquatic inverte-
brate’s distribution in a freshwater coastal lagoon of southern 
Brazil in relation to water and sediment characteristics, Acta 
Limnol. Bras., 23 (2011) 119–127. 

[41] L. Heller, L. Brito, The retention of Cryptosporidium sp. 
oocysts at varying depths in slow sand filters: A pilot study, 
Aqua., 55 (2006) 193–207.

[42] L. di Bernardo, A.D.B. Dantas, Métodos e técnicas de Trata-
mento de Água - Volume 2, 2nd ed., RiMa, São Carlos, 2005.

[43] F.H. de Souza, Tratamento de água para abastecimento por 
meio de filtros lentos de fluxo ascendente com limpeza por ret-
rolavagem e descarga de fundo, Universidade Federal de Santa 
Catarina, Departamento de Engenharia Sanitária e Ambiental. 
Dissertação de Mestrado, 2015.

[44] APHA, AWWA, WEF, Standard Methods For The Examination 
Of Water And Wastewater, 21st ed., American Public Health 
Association, Washington, 2005.

[45] M. Unger, M.R. Collins, Assessing the role of the schmutz-
decke in slow sand and riverbank filtration, in: R. Gimbel, 
N.J.D. Graham, M.R. Collins (Eds.), Recent Prog. Slow Sand 
Altern. Biofiltration Process., IWA Publishing, London, 2006: 
p. 581.

[46] N. Nakamoto, N. Graham, R. Collins, R. Gimbel, Progress in 
Slow Sand and Alternative Biofiltration Processes: Further 
Developments and Applications, 1st ed., IWA Publishing, Lon-
don, 2014.

[47] J. Huang, N. Graham, M.R. Templeton, Y. Zhang, C. Collins, M. 
Nieuwenhuijsen, A comparison of the role of two blue-green 
algae in THM and HAA formation, Water Res., 43 (2009) 3009–
3018.

[48] A. El-Aty, M. Ibrahim, Influence of chlorine on algae as precur-
sors for trihalomethane and haloacetic acid production, Envi-
ron. Sci. Technol., 6 (2009) 1215–1220.

[49] S. Hrudey, M. Burch, M. Drikas, R. Gregory, Chapter 9. Reme-
dial Measures, in: I. Chorus, J. Bartram (Eds.), Toxic Cyano-
bacteria Water A Guid. to Their Public Heal. Consequences, 
Monit. Manag., 1999: p. 35.

[50] M.L.S. Fontes, D. Tonetta, L. Dalpaz, R.V. Antônio, M.M. Petru-
cio, Dynamics of planktonic prokaryotes and dissolved carbon 
in a subtropical coastal lake, Front. Microbiol., 4 (2013) 71. 


