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1. Introduction

Nowadays, the concern about contamination of aquatic environments has increased,
especially when water is used for human consumption (Madrona et al, 2010).
Contamination of water resources, especially in areas with inadequate sanitation and water
supply, has become a risk factor for public health, with water playing a role as a vehicle for
transmission of biological agents (viruses, bacteria, and parasites) as well as a source of
contamination by chemicals (industrial effluents). Among the waterborne diseases, enteric
diseases are most frequent. Approximately 19% of waterborne gastroenteritis outbreaks in
the United States are attributed to protozoan parasites (Lindquist, 1999), particularly Giardia
and Cryptosporidium species, due to their wide distribution in the environment, high
incidence in the population, and resistance to conventional water treatment (lacovski et al.,
2004).

Giardia duodenalis is a flagellated protozoan parasite that causes giardiasis. The cysts are
transmitted by fecal-oral route in a direct (person to person) or indirect way (contaminated
water and food). In humans it can cause from self-limited to chronic enteritis, debilitating
diarrhea with steatorrhea and weight loss (Rey, 2001). Cryptosporidium is a genus of
protozoan parasites with several species that have been treated as a public health problem,
especially after the advent of HIV/AIDS (Fayer, 2004). In immune depressed individuals it
causes more serious infection; in some cases, the patient can die if untreated. It is considered
an opportunistic parasite (Rey, 2001).

Despite regulations and control measures turning to be more and more stringent, outbreaks
of waterborne Cryptosporidium spp. and Giardia spp. have been reported worldwide (United
States Environmental Protection Agency [USEPA], 1996; Centers for Disease Control and
Prevention [CDC], 2006). Therefore, the treatment applied to the collected water must
ensure that it is free of pathogens and chemicals that pose health risks, when distributed by
the water supply system. Furthermore, physicochemical parameters must meet the drinking
water standards required by the laws of each country (Bergamasco et al., 2011). Thus, there
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is great importance in either the development of more sophisticated treatments or the
improvement of the current ones.

In addition to these microorganisms, many other impurities can harm human health if not
reduced or eliminated. They do not approach each other naturally during the coagulation/
flocculation process, being necessary the presence of a coagulant agent. Coagulation and
flocculation processes are essential parts of water treatment, and the clarification of water
using coagulants is practiced since ancient times (International Water Association [IWA],
2010). Alum has been the most widely used coagulant because of its proven performance,
cost effectiveness, relative easy handling, and availability. Recently, much attention has
been drawn on the extensive use of alum. According to Driscoll & Letterman (1995), the
utilization of alum has raised a public health concern because of the large amount of sludge
produced during the treatment and the high level of aluminum that remains in the treated
water. McLachlan (1995) discovered that the intake of a large quantity of alum salt may
cause Alzheimer disease.

Among the new techniques for drinking water treatment is the use of natural coagulants,
aiming at a better quality of treated water by reducing the use of chemicals and also due to
others advantages of natural coagulants. The biopolymers may be of great interest since
they are natural low-cost products, characterized by their environmentally friendly
behavior. Advantages of natural coagulant/flocculants have led some countries, like Japan,
China, India, and United states, to adopt the use of natural polymers in surface water
treatment do produce drinking water (Kawamura, 1991). The application of these
coagulants in the coagulation/flocculation process has been successfully performed to
remove turbidity, color, and natural organic matter (NOM) from natural water in order to
produce clean potable water.

Thus, considering the coagulation step, the use of natural polyelectrolytes such as chitosan
and Moringa oleifera (moringa) could be an option with many advantages over chemical
agents, particularly the biodegradability, low toxicity, low residual sludge production, and
less risks to health. Polyelectrolytes such as chitosan have a large number of surface charges
that increase the efficiency of the coagulation process. Regarding the moringa, many
researchers are currently seeking to identify the compound responsible for the coagulating
characteristic of the seed of this plant, although there are still no definitive conclusions. It is
known that it is a protein or polypeptide with coagulant properties (Ndabigengesere et al.,
1995; Okuda et al.,, 2001; Ghebremichael et al., 2005). According to Davino (1976) the
mechanism of coagulation/flocculation caused by the protein found in the seed of Moringa
oleifera Lam resembles the mechanism caused by polyelectrolytes.

The use of coagulants for drinking water treatment, in spite of being efficient in the removal
of most contaminants, is not able to generate water of high potability standards, which leads
to the necessity of the simultaneous use of other techniques. Membrane filtration technique
is already widely recognized and can be implemented in combination with coagulation
processes.

This way, this chapter will look at the use of alternative techniques for water treatment
based on the use of natural coagulants (chitosan and moringa seeds) associated with the
membrane filtration process (micro and ultrafiltration) to obtain drinking water for human
consumption.
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1.1 Chitosan

Chitosan is a linear copolymer of d-glucosamine and N-acetyl-dglucosamine produced by
the deacetylation of chitin, a natural polymer of major importance and the second most
abundant natural polymer in the world, after cellulose (Rinaudo, 2006). It is described as a
cationic polyelectrolyte and is expected to coagulate negatively charged suspended
particles found in natural waters with increased turbidity (Divakaran & Pillai, 2002).
Chitosan has been investigated as coagulant/flocculant for the removal of impurities from
natural water and wastewater (Kawamura, 1991; Klopotek et al., 1994) because it can be
conditioned and used for pollutant complexation in different forms, from water-soluble
forms to solid forms (Renault et al., 2009). Some of the applications proposed for chitosan
are: (i) removal of turbidity (Divakaran & Pillai, 2002; Bergamasco et al., 2011), natural
organic matter (NOM) and color (Eikebrokk, 1999); (ii) inactivation of bacteria (Chung et
al., 2003); and (iii) metal removal with higher efficiency when associated with
ultrafiltration (Verbych et al., 2005).

The use of chitosan as coagulant in the coagulation/flocculation process (CFQ) for surface
water treatment was studied by Bergamasco et al. (2011), achieving satisfactory results
regarding color and turbidity removal, with values above 87%. The surface water sample in
this case was from the Pirapé River at Maringd - PR, Brazil, with initial turbidity of 240
NTU and initial color of 1045 Hu. The chemical oxygen demand (COD) was initially of 19,3
mgO,/L and it was reduced in 59.9% after treatment with chitosan, showing that the higher
coagulation/flocculation of chitosan is related with the compounds that give color and
turbidity to surface water.

The efficiency of the use of chitosan is more evident when compared with the process of
coagulation/flocculation using aluminum sulfate as coagulant (CFS). The main difference in
removal efficiency occurs when evaluating the removal of COD and TDS (Total dissolved
solids). Comparing CFQ and CFS processes, COD removal efficiency was 59.9% using CFQ
and 38.1% using CFS, and TDS removal was 41.9% for CFQ and 7.5% for CFS. In the same
study, Bergamasco et al. (2011) observed that coagulation with aluminum sulfate generated
sludge with SVI (sludge volume index) of 38.7 mg/mL, and the sludge formed by
coagulation using chitosan showed SVI of 56.8 mg/mL. According to McLachlan (1995), the
biggest advantage of chitosan over aluminum sulfate as coagulant is the fact that it is
biodegradable, generating an easy to handle organic sludge that can be taken to a common
landfill. Furthermore, chitosan improves the sedimentation step, as the flocs are more
compact.

In a study by Eikebrokk & Saltnes (2001), it was verified that the fractions of color and
organic carbon removal, with chitosan concentration of 4.0 mg/L, were 70 and 30%,
respectively. In this work the authors also compared chitosan with metallic coagulants,
otaining a reduction of 50% in the generated sludge when using chitosan, solving this way
the problem of the concentration of trace metals in treated water. Still, the sludge disposal
was simplified due to its biodegradability characteristics.

One can verify that chitosan presents good removal of turbidity and color, and is
advantageous in terms of generated sludge, which can be disposed of in ordinary landfills,
since it is biodegradable and has no trace metals.
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1.2 Moringa oleifera

Moringa oleifera (moringa) is a tropical plant belonging to the family Moringaceae (Katayon
et al., 2006), a single family of shrubs with 14 known species. Moringa is native of India but
is now found throughout the tropics (Bhatia et al., 2007). Moringa seeds contain a non-toxic
natural organic polymer which is an active agent with excellent activity and coagulating
properties. The tree is generally known in the developing world as a vegetable, a medicinal
plant, and a source of vegetable oil (Katayon et al., 2006). Its leaves, flowers, fruits, and roots
are used locally as food ingredients. The medicinal and therapeutic properties of moringa
have led to its utilization as a cure for different ailments and diseases, physiological
disorders, and in Eastern allopathic medicine (Akhtar et al.,, 2007). Additionally, the
coagulant is obtained at extremely low or zero net cost (Ghebremichael et al., 2005).

If moringa is proven to be active, safe, and inexpensive, it is possible to use it widely for
drinking water and wastewater treatment. Besides, moringa may yet have financial
advantages bringing more economic benefits for the developing countries (Okuda et al.,
1999).

The moringa seed has a protein that when solubilized in water is able to promote
coagulation and flocculation of compounds that cause color and turbidity in highly turbid
water. Several studies have also shown their effective antimicrobial and antifungal capacity,
thereby contributing to good water quality at low cost (Chuang et al., 2007; Coelho et al.,
2009).

The process used to obtain the coagulant (which would be mainly constituted by the protein
in the seed) is usually performed with the solubilization of the protein in water under
stirring and filtration, but the use of salts is able to promote a greater solubilization of this
protein in the medium, which would favor the coagulation/flocculation process.

Madrona et al. (2010) evaluated the extraction of the coagulant protein in the presence of
potassium chloride (KCl) at different concentrations. The authors have shown that greatest
coagulation efficiencies are achieved with KCI 1 mol/L, reaching nearly 100% removal of
color and turbidity from water with initial turbidity of 850 NTU. In the same study,
conducted by Madrona (2010), the author evaluated the effectiveness of other salts in the
coagulant extraction process, such as magnesium chloride (MgCl;) and sodium chloride
(NaCl), compared with KCl, all at a concentration of 1 mol/L. A protein content of 4499
mg/L was achieved for the extraction using NaCl, and 4818 mg/L using KCI. The process of
protein extraction with MgCl, was able to release only 950 mg/L of protein in solution,
which is very close to the concentration released by the extraction with water (873 mg/L).

Moringa has been found to be ineffective as a natural coagulant for low turbidity drinking
water but effective for high turbidity water in previous studies (Okuda et al., 2001). This was
verified in a study by Nishi (2011). The authors obtained values of color and turbidity
removal over 90% when the water to be treated showed high values of initial turbidity,
between 350 and 450 NTU. A moringa concentration of 150 mg/L would have been
sufficient to achieve this level of removal. The coagulant derived from moringa seeds, as it
contains a certain amount of organic matter, can give color and turbidity to the treated
water. Thus, when water with low initial turbidity undergoes coagulation/flocculation,
depending on the concentration of moringa coagulant used, the effect of turbidity and color
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removal is not as satisfactory as the level of removal obtained for these parameters using
this coagulant in the treatment of high turbidity water. In this case the effect of the coagulant
protein overlaps the additional organic load and the removal of the evaluated parameters
increases.

An important point to be considered when using moringa as a coagulant is related to the pH
of the water to be treated. For chemical coagulants, water pH adjustment is necessary for the
flakes to be properly formed. In the case of the moringa, there is no need for this adjustment,
and this parameter is not changed after treatment, as evidenced by Vieira et al. (2010).
Moringa is an efficient coagulant in a wide pH range (6-8), which is an advantage compared
with other coagulants, as the pH adjustment step can be eliminated in the
coagulation/flocculation processes.

1.3 Coagulation/flocculation and membrane filtration

In conventional water treatment plants, the coagulation/flocculation process is followed by
filtration. However, nowadays, membrane separation has been widely studied for potable
water production, since the MF/UF membranes are physical barriers that are able to
efficiently remove suspended particles and colloids (Xia et al., 2007, Guo et al., 2009),
turbidity, bacteria, algae, parasites, and viruses for clarification and disinfection purposes
(Guo et al., 2009), as well as to control trihalomethane precursors (Bottino et al., 2001).

To overcome the problems caused by natural organic matter (NOM) in MF and UF
applications, conjunctive use of coagulation and membranes is becoming more attractive for
water treatment because the coagulation is an opportunity to join NOM with other particles
present in water before NOM reaches the membrane surface. Application of the coagulation
and ultrafiltration unit operations contributes to the improvement of treated water quality
and the enhancement of the membrane performance. In comparison with conventional
processes such as coagulation, flocculation, sedimentation and/or flotation, and rapid or
slow sand filtration, MF/UF technology has many advantages such as superior quality of
treated water, much greater compactness, easier control of operation and maintenance, use
of fewer chemicals, and lower production of sludge (Bergamasco et al., 2009). The combined
processes of coagulation/flocculation followed by micro or ultrafiltration usually result in
better water quality, since the membrane processes often function as a polishing step in
water treatment, being able to remove the impurities which are not removed by
coagulation/flocculation processes. In addition, unlike the conventional filtration process,
micro/ultrafiltration can retain bacteria and other microorganisms.

Bouchard et al. (2003) studied the processes of microfiltration and coagulation/
microfiltration, using ferric chloride and aluminum sulfate as coagulants in the combined
process. Microfiltration tests were performed in a mini-module of submerged cross-fiber
Zenon membranes, with porosity of 0.1 um. For the combined process, the results obtained
were 60% removal of TOC and a reduction of more than 80% of the compounds that absorb
UV at 254nm. The coagulation/microfiltration process was shown to be beneficial, allowing
a significant reduction in membrane fouling. These results were already expected, because
when coagulation occurs, colloids are destabilized and cluster forming larger flocs, thus
contributing to reduce membrane fouling. Comparing the processes of ultrafiltration and
coagulation/ultrafiltration, using ferric chloride as a coagulant agent, removal of TOC and
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compounds that absorb UV at 254nm of 30% and 60%, respectively, was observed for the
ultrafiltration process. For the combined coagulation/ultrafiltration, the removal of TOC
and compounds that absorb UV at 254nm increased to 60 and 80%, respectively (Bouchard
et al., 2003).

Konradt-Moraes (2004) studied the combined process of coagulation/flocculation/
ultrafiltration using ceramic membrane with pore size of 0.05pm and transmembrane
pressure of 2 bar. Under optimum conditions of coagulation and flocculation for the
biopolymer chitosan, removal of color, turbidity, compounds that absorb UV at 254nm,
nitrite, phosphate, total coliforms, and Escherichia coli close to 100% and TOC removal of
75% were achieved. Thus, according to Konradt-Moraes (2004), there is great potential in the
use of the combined coagulation/flocculation/ membrane separation process. However, few
research papers have been published to date, and therefore a wide range of study
possibilities is open, that can lead to a deeper knowledge of the variables involved in the
process as a whole, which in turn allows not only process scale-up, but also its transfer to
the companies responsible for public drinking water supply.

2. Experimental results — Case studies

The case studies presented below used the processes of coagulation/flocculation with
natural coagulants and membrane filtration for removing color, turbidity, Giardia and
Cryptosporidium, to obtain drinking water for human consumption.

The first case describes the utilization of chitosan as natural coagulant and ceramic
ultrafiltration membranes in pilot scale. The second case deals with moringa and polymeric
microfiltration membranes in a bench-scale filtration module. Both cases used surface water
from the Pirap6 River, which serves a population of over 300,000 inhabitants in the city of
Maringd, Brazil.

2.1 Process of coagulation/flocculation with chitosan followed by ultrafiltration for
surface water treatment

A pilot plant, shown in Figure 1, has been used by the research group headed by the
researcher Professor Rosangela Bergamasco, in the Environmental Preservation and Control
Laboratory at the State University of Maringa, Brazil. This unit has been the basis for studies
of water purification processes that are subsequent to coagulation/flocculation using
natural coagulants such as chitosan and Moringa oleifera. These studies, based on the
treatment of water from the Pirap6 River, which is responsible for supplying the city of
Maringa - PR, Brazil, have demonstrated the effectiveness of the evaluated coagulants, as
well as the applicability of the combined processes, yielding high-quality water within the
specifications required by Brazilian law. The surface water characterization is presented in
Table 1.

In the study conducted by Bergamasco et al. (2011), the removal of UV-254nm absorbing
compounds showed a significant increase when the hybrid process was used, changing
from 85.8% with CFQ to 99.4% with CFQ-UF at 2 bar. The results achieved in the filtration
with ceramic membranes of stainless steel with Al,O3/ZrO, (0.1pm) (TAMI, France), at
transmembrane pressures of 1 and 2 bar are presented in Table 2. The UV absorbance of
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organic matter, in the range of 254-280 nm, reflects the presence of unsaturated double
bonds and m-11 electron interactions such as in aromatic compounds. However, it is known
that natural organic matter (NOM) is a mixture of organic compounds called humic
materials, but proteins, polysaccharides and other classes of biopolymers also contribute to
NOM. This indicates that besides the compounds detected by UV-254nm absorption, other
organic compounds may also be present in surface water, and therefore this parameter is
not a suitable indicator of NOM removal. Other parameters should be considered for a
better understanding of the process.

Fig. 1. Schematic diagram of the micro/ultrafiltration experimental unit. 1- thermostatic
bath; 2- feed tank; 3- pump; 4- manometers; 5- membrane filtration module; 6- flowmeter
(rotameter); 7- permeate.

Water quality parameter Values

Apparent color (Hu)® 1695

True color (Hu)® 1045

Turbidity (NTU)®@ 240

Chemical oxigen demand (COD) (mgO,/L) 19.3
Total organic carbon (TOC) (mgC/L) 6.4

UV-254nm absorbing compounds (UV-254nm) (cm-1) 0.923
pH 8.17

Total suspended solids (TSS) (mg/L) 1332
Total dissolved solids (TDS) (mg/L) 228
Total coliforms (CFU/100 mL)®) 3955
Escherichia coli (CFU/100 mL)®) 800

1. Hu=mgptco/L
2. NTU = Nefelometric turbidity unit
3. CFU/100 mL = Colony forming units per 100 mL of water sample

Table 1. Characterization of the surface water from Pirapé River

Filtration tests were performed to characterize the flow of pure water through the
membranes, using deionized water. Flux was calculated using Equation 1, where fyermeate 1S
the permeate flux, m is the mass of collected water, p25°C is water density at 25°C, At is the
time interval during which water was collected, and Am is the filtering area of the
membrane.
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m
f = 1
permeate = 55°C x Atx Am @)

The removal efficiency for each parameter analyzed in the different treatment processes was
calculated from Equation 2, where Ci and Cf are the initial and final concentrations,
respectively, for each parameter.

Ci—Cf

% Remouval efficiency :( jx 100 ()
Deionized water (DW) fluxes were determined before each experiment (Ji) and after the
filtration of solutions SW, CFQ and CFS (Jf) to determine the fouling of the membrane. The
percentage of fouling (%F) was calculated according to Equation 3, proposed by
Balakrishnan et al. (2001), using the steady-state flux values, which assume that the flux
tends to constant values. The percentage of fouling represents a decrease in the deionized
water flux after tests with contaminated water.

%F = M><100 3)

Ji

In Equation 3, %F is the percentage of membrane fouling, Ji is the initial water flux obtained
in the first filtration with deionized water and Jf is the final water flux obtained by filtration
of deionized water after the filtration of surface water.

The parameters apparent color, turbidity, and pH were evaluated according to the Standard
Methods (American Public Health Association [APHA], 1995). Turbidity measurements
were conducted using a turbidimeter (HACH, 2100P). A digital pH meter (Digimed DM-2)
was used for pH measurements. Color measurements were conducted using HACH
DR/2010 spectrophotometer - Method 8025. COD values were determined using HACH
DR/2010 - Method 10129. TOC was determined using an Aurora 1030C TOC Analyzer with
1088 Rotary TOC Autosampler. Absorbance measurements at 254nm were performed using
a Logen Scientific UV-Vis spectrophotometer. UV absorbance at 254nm was also used in this
study as an indication of the removal of organics from water. UV absorbance is commonly
used as an index of the aromatic level (Kim & Yu, 2005).

Comparing CFQ and CFS processes, the main differences in removal efficiency are observed
with respect to COD removal (59.9% using CFQ and 38.1% using CFS) and TDS removal
(41.9% for CFQ and 7.5% for CES). It is also observed in Table 2 that the process of
coagulation/flocculation with the natural coagulant chitosan was very effective in removing
compounds responsible for color and turbidity, as well as UV-254nm absorbing compounds.
Similar results were observed by other authors such as Roussy et al. (2005) and Rizzo et al.
(2008).

The working conditions for the experiments presented in Table 2 were as follows: The pH was
adjusted to 5.0 and concentration of natural chitosan coagulant was 1.0 mg/L. When using
aluminum sulfate as coagulant (15 mg/L), pH was maintained at 7.0. In the rapid mixing step
the speed was kept at 120rpm for 2.5 min, whereas the speed used in the slow mixing step was
20rpm for 20 min (Konradt et al., 2008). Temperature was maintained at 25.0+2°C during
coagulation/flocculation. All experiments were performed at least in triplicate.
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CFQ - UF (%) CFS - UF (%)
Parameter CFQ (%) CFS (%)

P=1 bar P=2 bar P=1 bar | P=2 bar
Apparent color 98.1 99.4 99.1 99.8 99.2 100
True color 97.1 99.2 99.1 99.3 99.1 99.8
Turbidity 99.3 99.9 99.9 99.2 99.8 99.8
UV-254nm 85.8 91.8 99.4 83.4 96.3 88.5
COD 59.9 90.9 97.4 38.1 89.3 85.1
Total coliforms 62.5* 99.0 99.0 99.0 99.0 99.0
Escherichia coli 99.0 99.0 99.0 99.0 99.0 99.0
TSS 60.3 97.8 88.8 94.8 93.5 97.9
TDS 41.9 40.2 86.1 7.52 49.3 42.9

*reduction of 62.5% in the number of CFU/100mL initially present in the surface water. Source:
Bergamasco et al., 2011.

Table 2. Removal efficiency (%) of coagulation/flocculation and coagulation/flocculation-
ultrafiltration processes at 1 bar and 2 bar, using chitosan (CFQ) or aluminum sulfate (CFS)
for the coagulation of surface water

Coagulation pretreatment allows a higher rejection of organics by microfiltration (MF) and UF
and the cut-off criterion due to initial membrane pore size is no longer valid (Schafer et al.,
2001). The most consistent system was CFQ-UF at the pressure of 1 bar, achieving removal
efficiencies above 90% for all parameters assessed, except for TDS, which had 40.2% removal.
But if the use of CFS-UF is considered, TDS removal reached a maximum of 49.3%. Another
relevant parameter to be analyzed is COD, whose removal was higher when using CFQ-UF at
2 bar (97.4%) than when using CFS-UF at the same pressure (85.1%). An important point to be
evaluated is the type of membrane used for filtration, because depending on the material the
membrane is made of, fouling effects may be more or less pronounced, which will result in
differences in permeate flux and percent removal of the assessed parameters.

The hybrid process of coagulation with chitosan followed by filtration in 0.1 pm pore size
polysulfone membrane, resulted more effective for UV-254nm, TOC, and iron removal.
Adding chitosan as coagulant, 70% of UV-254nm absorbing compounds and 47% of TOC
(averaged values) were removed (Bergamasco et al.,, 2009). In this study the authors
evaluated water from the Saint-Charles River in Quebec, Canada, with an initial UV-254nm
absorbance value of 0.083-0.091.

One can see that the ceramic membranes can be more effective for water treatment than
polysulfone membranes. Comparing the results with two membranes of different materials
and same porosity, ceramic membranes led to a reduction of 91.8% in UV-254nm absorbance
(Bergamasco et al., 2011), while the reduction obtained with polysulfone membranes was
70% (Bergamasco et al., 2009). Chitosan improves the sedimentation step, as the flocs are
more compact, which is favorable when hybrid coagulation/flocculation/filtration systems
are operated. Another fact that should be taken into consideration when applying UF for
water treatment is the occurrence of membrane clogging, which causes a drop in permeate
flux and is a result of a set of phenomena related to the solution nature and to the
characteristics of the membrane (Bergamasco et al., 2011). This fact can be explained by two
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mechanisms, commonly attributed to the removal of organic matter by UF: sieve retention
and adsorption sequestration. In sieve retention the UF membrane acts as a barrier for
particle penetration. The particles are retained on the membrane surface and form a cake
that grows in thickness as the filtration progresses. The second mechanism involves the
entry and capture of the particles into the membrane matrix (Guo et al., 2009).

Bergamasco et al. (2011), using ceramic membrane in the combined process of
coagulation/flocculation with chitosan and ultrafiltration, obtained higher permeate fluxes
than with UF of surface water (SW) and CFS-UF under the same pressures. For the pressure
of 2 bar the permeate flux of the CFQ-UF process was approximately twice that of the CFS-
UF process, thus justifying the use of chitosan as a coagulant prior to the ultrafiltration step
for surface water treatment. The authors presented the results obtained by the resistance-in-
series model for the different types of resistance observed in the UF step using SW, CFQ,
and CFS at pressures of 1 bar and 2 bar, as shown in Table 3. The coagulation/flocculation
conditions to obtain water for use in the ultrafiltration experiments were the same as for the
experiments presented in Table 2.

Resistance x1011 (m-1)*

R¢ Rep Rt
SW
AP=1 bar 1.22 6.79 9.62
AP=2 bar 8.11 9.58 20.76
CFQ
AP=1 bar 4.63 0.82 7,06
AP=2 bar 9.92 0.12 13.11
CFS
AP=1 bar 0.42 5.78 8.11
AP=2 bar 5.89 12.89 21.86

*Rf: fouling resistance; Rcp: concentration polarization resistance; Rt: total resistance.
Source: Bergamasco et al. (2011).

Table 3. Resistances on the membrane during the ultrafiltration process with SW, CFQ, and
CFS at 1 bar and 2 bar, using A1203/ZrO2 (0.1 pm) ceramic membranes and filtration time
of 200 min.

It was observed by means of Table 3, that for the same type of water (without treatment,
coagulated with chitosan, or coagulated with aluminum sulfate) the fouling resistance (Ry)
due to solute adsorption into membrane pores and walls (Chang et al., 2001) increased with
increasing transmembrane pressure, and this can be explained by the higher compression.

This type of resistance can be eliminated only by washing the membrane. It was also
observed that R was greater for CFQ than for SW and CFS, but concentration polarization
resistance (Rp) and R, were lower for CFQ than for SW and CFS at 1 bar and 2 bar. The floc
cake resistance is lower than the resistance due to the unsettled floc and the uncoagulated
organics, as reported by Guigui et al. (2002). The use of chitosan as a coagulant can lead to
the formation of denser flocs. Thus, its negative impact on the filtration can be explained.
The cake is formed by large aggregates, decreasing the average flux through and among
these aggregates. However, the performance evaluation of the hybrid systems (CFS-UF and
CFQ-UF) showed that the permeate quality was increased when compared with
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individually operated systems (CFS and CFQ). This is justified by the excellent ability of the
UF process to remove particles and colloids.

2.2 Process of coagulation/flocculation with moringa followed by microfiltration for
surface water treatment

The other study on water purification processes performed in the Environmental
Preservation and Control Laboratory at the State University of Maringa, Brazil, evaluated
the coagulation/flocculation process using the natural coagulant Moringa oleifera, followed
by microfiltration (Nishi, 2011). As mentioned previously, surface water from the Pirap6
River was used for this study. Samples of high and low turbidity were mixed to obtain
water with different initial turbidity values. The samples used in this study had initial
turbidity of 50, 150, 250, 350, and 450 NTU. The prepared samples were artificially
contaminated with 106 cysts/L of Giardia spp. and 10¢ oocysts/L of Cryptosporidium spp.
obtained from the positive control (suspension of cysts and oocysts) present in the
commercial kit Merifluor (Meridian Bioscience, Cincinnati, OH, USA). After being prepared,
the samples were subjected to the processes of coagulation/ flocculation with moringa seeds
(CFM), microfiltration (MF), and the combined coagulation/flocculation with moringa seeds
followed by microfiltration (CFM-MF).

Moringa coagulant solution was prepared and used the same day. Mature moringa seeds
from the Federal University of Sergipe (UFS) were used as raw material. The seeds were
manually removed from the dry pods and peeled. To prepare the 1% stock solution of
moringa (concentration of 10,000 mg/L), 1 g of peeled seeds was crushed and added to 100
mL of distilled water. Subsequently, the solution was stirred for 30 min and vacuum filtered
(Cardoso et al., 2008; Madrona et al., 2010). From the 1% stock solution, moringa solutions
were prepared with different concentrations: 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275,
and 300 mg/L. CFM tests were performed on a simple jartest, under the following
conditions: rapid mixing speed (RMS) of 100 rpm, coagulation time (CT) of 3 min, slow
mixing speed (SMS) of 15 rpm, flocculation time (FT) of 15 min, and settling time (ST) of 60
min (Madrona et al. 2010).

To determine the coagulant concentrations which resulted in the highest removal of the
evaluated parameters, 5x12 factorial experiment was applied. For the factor "A" five different
levels of initial water turbidity were tested: 50, 150, 250, 350, and 450 NTU. Factor "B" consisted
of twelve levels of concentration of moringa coagulant. The parameters analyzed in the
experiments - color, turbidity, pH, and removal of Giardia and Cryptosporidium - were
evaluated in triplicate for each combination of the factors "A" and "B". The results were
analyzed by ANOVA using the F test and phase contrast (Nkurunziza et al., 2009) to obtain the
optimum concentration of each coagulant for each water sample with initial turbidity of 50 to
450 NTU, to be later used in the combined process of coagulation/flocculation/membrane
filtration. The software Statistica, version 8.0/2010, was used for the statistical analysis, and p
values of less than 0.05 were considered significant.

In this study, the same methodologies described in section 2.1 were used to evaluate the
removal efficiency of turbidity and color and the pH of treated water. The concentration of
(oo)cysts of Giardia and Cryptosporidium was assessed by the membrane filtration technique
with mechanical extraction and elution (Aldom & Chagla, 1995; Dawson et al., 1993; Franco
et al., 2001).
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The initial characteristics of water samples used in the study are presented in Table 4.

Turbidity (NTU) Color (uH) pH
50 350 7.80
150 902 7.81
250 1000 7.50
350 1849 7.64
450 1885 7.70

Source: Nishi, 2011

Table 4. Water sample parameters before treatment processes.

The results for the removal efficiency of turbidity, color, Giardia and Cryptosporidium, and
pH values for water after treatment with moringa, under the aforementioned conditions, are
presented in Table 5. Using moringa as coagulant agent, turbidity removal ranged from 3 to
97.4%. The lowest removal efficiencies, between 3 and 45.6%, were observed for water with
low initial turbidity (50 NTU). Removals above 70% were observed for the samples with

Moringa concentration in the water samples (mg/L)

Initial turbidity Removal efficiency - o o 100 105 150 175 200 225 250 275 300

(NTU) (%)

50 Turbidity 277 23.0 20.7 334 33.2 356 444 456 41.6 27.6 10.0 3.0
Color 0.35 0.11 1.65 3.07 4.00 6.60 228 27.6 30.0 26.0 154 16.7
Giardia 6.00 423 384 69.2 84.6 769 82.0 80.0 80.0 76.9 85.0 69.0
Cryptosporidium 76.0 91.0 90.0 98.0 93.0 91.0 98.0 86.0 91.0 88.0 89.0 83.0
pH 790 820 810 820 8.20 810 820 790 8.00 810 8.00 7.90

150 Turbidity 42.0 524 698 71.0 74.0 75.8 67.7 653 69.0 73.6 76.0 72.0
Color 10.0 475 67.0 68.8 70.8 73,5 735 714 65.0 634 664 61.6
Giardia 74.0 97.0 85.0 98.0 94.0 98.0 98.0 98.0 97.0 97.0 91.0 82.0
Cryptosporidium 42.0 50.0 77.0 81.0 81.0 92.0 92.0 92.0 85.0 92.0 81.0 58.0
pH 793 796 785 774 7.8 776 7.70 7.74 781 7.74 7.72 7.68

250 Turbidity 68.9 748 80.6 934 90.1 944 939 942 909 94.6 91.8 92.7
Color 21.8 465 46.2 684 644 80.7 79.0 81.3 78.0 77.8 88.4 81.6
Giardia 80.0 65.0 65.0 80.0 80.0 95.0 95.0 95.0 95.0 90.0 92.5 90.0
Cryptosporidium 67.0 61.0 75.0 74,0 86.0 96.0 95.0 92.0 94.0 90.0 87.0 78.0
pH 7.60 7.70 780 780 7.60 7.60 7.70 7.80 7.80 7.80 7.70 7.80

350 Turbidity 494 62.8 70.8 75.0 82.0 90.0 93.7 95.0 96.0 95.8 96.4 925
Color 47.0 823 764 94.0 94.0 88.2 97.0 97.0 94.0 88.2 94.0 94.0
Giardia 47.0 823 76.4 94.0 94.0 88.2 97.0 97.0 94.0 88.2 94.0 94.0
Cryptosporidium 22.0 81.0 68.0 95.0 86.0 81.0 97.0 96.0 92.0 86.0 96.0 92.0
pH 778 787 775 777 7.81 774 782 7.75 7.73 7.76 7.73 7.78

450 Turbidity 63.0 61.0 75.0 799 920 94.0 972 974 972 97.0 96.7 94.7
Color 39.0 478 61.6 685 88.3 915 96.1 96.1 964 96.0 95.6 92.8
Giardia 63.0 92.0 96.0 96.0 92.0 96.0 90.0 97.0 94.0 97.0 93.0 89.2
Cryptosporidium 45.0 51.0 94.0 85.0 80.0 94.0 86.0 93.0 95.0 98.0 90.0 76.0
pH 780 7.70 760 760 7.60 7.60 7.00 760 7.60 7.60 7.50 7.60

Source: Nishi, 2011.

Table 5. Percentage of removal efficiency of turbidity, color, Giardia, and Cryptosporidium,
and pH values after the process of coagulation/flocculation with moringa.
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turbidity of 250, 350, and 450 NTU (Nishi, 2011). The decrease in efficiency of turbidity
removal from water with 50 NTU of initial turbidity, after the addition of moringa, can be
explained by the increased organic load. This is justifiable as long as moringa is an oilseed
which is rich in organic substances such as oil, protein, fat, and vitamins. This increase in
turbidity and color in water treated with moringa was also observed in other studies,
especially when the water had relatively low initial turbidity and color (Ramos, 2005).

Nkurunziza et al. (2009), using a 3% solution of moringa seeds, prepared with saline water,
to treat water from the rivers in the province of Rwanda, obtained removal efficiency of
83.2% in samples with turbidity of 50 NTU and higher values (99.8%) in water with
turbidity of 450 NTU. The optimum concentrations found in this study were 150 mg/L for
50 NTU and 125 mg/L for other turbidity levels tested by the researchers. The results of
turbidity removal from water with low initial turbidity (50 NTU) were higher than those
obtained in the present case study (45.6%) and for water with high initial turbidity (450
NTU) the results were similar (97.4%). The differences may be due to the different
preparation procedures of the moringa solution, by aqueous or saline extraction, as well as
the different concentrations of the stock solution of moringa. In both studies, the coagulant
properties of the moringa appear to be more efficient in water of high initial turbidity, in
agreement with other literature reports (Ndabigengesere et al., 1995; Madrona et al., 2010).

Ndabigengesere et al. (1995), applying an aqueous solution of 5% moringa seeds to synthetic
turbid water (kaolin added to tap water) with initial turbidity of 426 NTU, obtained
removals from 80 to 90% and reached the optimum concentration of 500 mg/L of coagulant
solution. This concentration is higher than the optimum concentration for water of 450 NTU
obtained in this case study, which was 275 mg/L. This difference between the optimum
concentrations of the moringa solution may be due to the different water source:
Ndabigengesere et al. (1995) used synthetic turbid water prepared with kaolin, and the
present study used surface water. The different efficiencies of turbidity removal and
optimum concentrations can be explained by the different compositions of water samples
used in the studies (raw water, synthetic turbid water), that is, the substances present in
water can influence the action of the coagulant agent and the formation of flocs, as well as
by the preparation procedure of the moringa solution (aqueous or saline extraction),
evaluated concentrations, and seed quality, among other factors.

Regarding color, the removal ranged from 0.11 to 30% for water with initial turbidity of 50
NTU. The highest removals for this sample were obtained with moringa concentration
ranging from 175 to 250 mg/L. For water with higher initial turbidity (150 to 450 NTU), the
removal efficiency ranged from 10 to 97%, the highest values being obtained for
concentrations of 150 mg/L or higher (Nishi, 2011). It is observed that color removal by
moringa is similar to its behavior with respect to turbidity: the lowest values of this
parameter are obtained for water with high initial turbidity, which agrees with literature
data (Cardoso et al., 2008; Nkurunziza et al., 2009; Madrona et al., 2010).

Concerning the pH of water samples after the coagulation process with different
concentrations of moringa, it was observed that the average pH was 7.6, with variation of
approximately 10% (Nishi, 2011). There was little variation among the samples regardless of
the amount of moringa solution added, which consists of one of the benefits of moringa as a
coagulant agent, that is, its addition does not significantly alter the pH of the water
(Ndabigengesere et al., 1995; Nkurunziza et al., 2009), unlike the treatment with aluminum
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sulfate, in which it is necessary to adjust the pH of the water to improve its coagulant action,
increasing the amount and cost of chemicals for water treatment.

Considering the removal of Giardia cysts and Cryptosporidium oocysts, similar behaviors
were observed among samples. The best removal of both Giardia and Cryptosporidium
occurred at moringa solution concentrations of 150 mg/L or higher, for all treated water
samples (50 to 450 NTU), with average removal efficiency of 93% (1.2 log removal) and 90%
(1 log removal), respectively (Nishi, 2011). No studies were found in the literature regarding
the removal of these protozoan parasites using moringa as coagulant agent. The high
removal obtained can be explained by the coagulant action of moringa, which is based on
the presence of cationic proteins in the seeds. These proteins are densely charged cationic
dimers with a molecular weight of about 13 kDa, and adsorption and charge neutralization
are the main mechanisms of coagulation (Ndabigengesere et al., 1995). Since the zeta
potential calculated for (oo)cysts of Giardia and Cryptosporidium in water at neutral pH are,
on average, -17 and -38 mV, respectively (Hsu & Huang, 2002), the mechanism of charge
neutralization of the proteins of the natural coagulant could act in the removal of these
protozoan parasites.

The removal of protozoan parasites obtained in this study is close to the results of other
reports in the literature, using chemical coagulants such as aluminum sulfate and ferric
chloride for the removal of these microorganisms (Bustamante et al., 2001; Xagoraraki &
Harrington, 2004), and neutralization of charges is also the primary mechanism of
coagulation with aluminum sulfate. Brown & Emelko (2009) applied another natural
coagulant, chitosan, for the removal of Cryptosporidium parvum in pilot-scale treatment of
synthetic raw water (dechlorinated tap water with kaolinite-induced turbidity), using
concentrations of 0.1, 0.5, and 1.0 mg/L chitosan solution. The authors achieved great
reductions in turbidity, but did not obtain good results in C. paroum removal, with average
values below 10%. A possible explanation for this difference, since chitosan is also a cationic
polymer, is the possibility that during the coagulation/flocculation process, the oocysts are
also removed by physical entrapment in the flocs, which is another mechanism participating
in protozoan removal (Bustamante et al., 2001). Considering that the flocs formed depend on
the characteristics of the particles in the water, it can be said that the removal of
microorganisms will also depend on these characteristics, as Brown and Emelko (2009) used
artificial raw water and in this study natural surface water was used.

Moringa presented good results of color, turbidity, Giardia and Cryptosporidium removal
from all water samples for the coagulation/flocculation process, most notably in samples of
high initial turbidity (150, 250, 350, and 450 NTU) and with coagulant concentration of 100
mg/L or higher. The process of coagulation/flocculation with moringa yielded 1.2 log
removal for Giardia and 1 log removal for Cryptosporidium. These removals are in line with
the recommendations of the World Health Organization (Lechevallier & Au, 2004).
According to Lechevallier & Au (2004), in the conventional water treatment processes,
coagulation is a critical step for the removal of pathogenic microorganisms. Coagulation,
flocculation, and sedimentation can result in 1-2 log removal of bacteria, viruses and
protozoa when properly handled. Also according to the authors, in the case of Giardia and
Cryptosporidium, there is great difficulty in interpreting results in relation to studies on
bench scale, as well as on pilot scale, due to the low concentrations at which these protozoa
are found and the detection methods, which are still limited.
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Statistical analysis showed that there is a relationship of the turbidity, Giardia and
Cryptosporidium removal with the moringa solution concentration and the initial water
turbidity. Statistical analysis was applied to obtain the concentration of moringa which
showed the best removals of turbidity, Giardia and Cryptosporidium for each initial turbidity
of water samples. It was observed that for the sample with turbidity of 50 NTU, the
concentration of the moringa solution showed no statistically significant interaction with the
values of turbidity, Giardia and Cryptosporidium removal. Therefore, it was not possible to
obtain the optimum concentration for the water sample with initial turbidity of 50 NTU. For
the remaining samples, the moringa solution concentrations which showed the best removal
of the evaluated parameters were obtained and are presented in Table 6. It is observed that
coagulation/flocculation provided good removal efficiencies of turbidity and color,
depending on water characteristics, initial turbidity, and coagulant concentration.

Initial turbidity Optimum concentration
(NTU) (mg/L)
150 250
250 150
350 275
450 275

Source: Nishi, 2011.

Table 6. Moringa concentration which resulted in the best removal of turbidity, color, and
(oo)cysts of Giardia and Cryptosporidium, according to the initial turbidity of the water sample.

After obtaining the optimal concentrations of moringa coagulant for each sample of surface
water (Table 6), the samples were subjected to the MF process and to the combined process
of coagulation/flocculation with moringa followed by MF (CEM-MF).

The membrane filtration tests were carried out in a bench-scale microfiltration membrane
module, using the tangential filtration principle. This module is shown in Figure 2.

Fig. 2. Frontal view of the MF/UF module (Operation manual - MF/UF module): (1)
polymeric membranes; (2) pressure gauges; (3) speed controller; (4) feed tank; (5) valve used
to collect the permeate; (6) tubing through which the concentrate returned to the feed tank.
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The MF membrane was composed of hollow fibers made of polyimide, with porosity of 0.40
pm. The operating pressure was 1.0 bar. To maintain uniformity in the experiments, the
initial volume was fixed in 5 L, and the test time was 60 min.

In this study, the same methodologies described in section 2.1 were used to evaluate
membrane flux and fouling, as well as to analyze the removal efficiency of turbidity, color,
Giardia and Cryptosporidium, and the pH of treated water.

The results obtained in the processes of microfiltration (MF) and coagulation/flocculation
with moringa followed by microfiltration (CFM-MF) are presented below. These results are
presented together to show if the pretreatment (coagulation/flocculation with moringa) had
differences in relation to the MF process without pretreatment. The removal efficiencies and
the pH of the water treated by the MF and CFM-MF processes are presented in Table 7.

Initial turbidity (NTU)

Treatment process Removal efficiency (%) 150 250 350 450
Turbidity 81.09 84.16 76.82  76.33
Color 78.28 83.45 74.27  72.56
MF Giardia ND ND ND ND
Cryptosporidium ND ND ND ND
pH 7.38 7.85 7.36 7.81
Turbidity 93.54 92.28 84.78  99.39
Color 96.15 92.19 88.96  100.0
CFM-MF Giardia ND ND ND ND
Cryptosporidium ND ND ND ND
pH 7.33 7.72 7.34 7.51

ND - not detected. Source: Nishi, 2011

Table 7. Removal efficiencies of turbidity, color, Giardia and Cryptosporidium, and pH values
of the water treated by the MF and CFM-MF processes.

It can be observed that the largest color and turbidity removals occurred with the combined
CFM-MF process, compared with the MF process without pretreatment. There were no
changes in the pH of the treated water. It is clear that the use of coagulation/flocculation
with moringa prior to microfiltration improves the quality of treated water (Nishi, 2011).

A few studies were found in the literature regarding the CF/MF process using moringa as a
coagulant for surface water treatment. Madrona (2010) evaluated the combined process of
coagulation/flocculation with moringa and MF with ceramic membranes, and obtained 97
to 100% removal of turbidity and color in the treatment of surface water from the Pirap6
River, in Maringda, Parana. These results were similar to those obtained in the present study,
which used a polymer membrane for the MF process. Parker et al. (1999), using hollow fiber
MF membranes with 0.2 pm pores for the treatment of water that had been previously
treated in settling tanks, obtained water with turbidity below 0.1 NTU, with average
removal of 99.46%, similar to those obtained in this study.

Neither in the microfiltration (MF) process alone, nor in the combined (CFM-MF) processes,
(oo)cysts of Giardia and Cryptosporidium were detected in the filtered water, being below the
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detection limit (<1 cyst or oocyst/L) (approximately 6 log removal), in agreement with
literature data. Jacangelo et al. (1995), studying the application of three MF membranes with
pore sizes between 0.08 and 0.22 um for the treatment of water contaminated with Giardia and
Cryptosporidium, found that the protozoa concentration was below detectable levels in the
filtered water (<1 cyst or oocyst/L) from two of the membranes (corresponding to log
removal> 4.7 to> 7.0 for Giardia and > 4.4 to> 6.9 for Cryptosporidium). They also concluded that
the level of removal depends on the concentration of protozoa in the water to be treated and
on membrane integrity. In another study, MF membranes with average pore size of 0.2 um
resulted in significant removal of particles that were the same size as Giardia cysts (5-15 pm).
Log removal was, on average, 3.3 to 4.4. The removal of particles that were the same size as
Cryptosporidium oocysts (2-5 um) was lower, 2.3 to 3.5 log removal. These removals were
obtained according to the concentration of (oo)cysts used for artificial contamination of water
and proved to be independent of the membrane flux (114-170 L/hm?2) (Karimi et al., 1999).

Thus, one can say that MF may act as a barrier against protozoan (oo)cysts. The
coagulation/flocculation with moringa associated with microfiltration resulted in high
levels of removal of the evaluated parameters.

Figure 3 shows the permeate flux versus time for the microfiltration of deionized water
(DW), raw water without coagulant (SW), and pretreated water (CFM).
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Fig. 3. Permeate flux with deionized water (DW) and raw water with initial turbidity from
150 to 450 NTU in the MF (a) and CFM-MF (b) processes.
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For the MF process with raw water, that is, without previous treatment (coagulation/
flocculation), permeate flux ranged from 157 to 187 L/hm? for water samples of turbidity
from 150 to 450 NTU. In the combined process (CFM-MF), permeate flux ranged from 157 to
226 L/hm? for water samples with initial turbidity of 150 to 350 NTU. Samples of 450 NTU
presented the lowest permeate flux, 91 L/hm?2, on average (Nishi, 2011). This may be due to
the presence of a greater number of particles that can cause the process of concentration
polarization and due to superposition of various fouling mechanisms in the membrane,
which may cause the decrease of the permeate flux (Stopka et al., 2001).

The combined processes of coagulation/flocculation/microfiltration showed slightly higher
fluxes when compared with the microfiltration process alone. The improvement in permeate
flux using coagulation/flocculation prior to microfiltration was also observed in other
studies (Katayon et al., 2007; Horcickova et al., 2009).

The percentage of fouling (%F) for the MF process with raw water (SW) and water
coagulated/flocculated with moringa (CFM) with initial turbidity from 150 to 450 NTU is
shown in Figure 4.

60 1
50 A
40 A

30 1 ESW

Fouling (%)

20 - CFM

10 -

150 250 350 450
Initial turbidity (NTU)

Fig. 4. Percentage of fouling for the MF process with raw water (SW) and water
coagulated/flocculated with moringa (CFM) with initial turbidity from 150 to 450 NTU.

It is observed that the MF process with raw water showed higher percentages of fouling,
ranging from 6.13 to 56.32% when compared with the combined process of coagulation/
flocculation with moringa followed by MF, which presented percentages of fouling from
7.48 to 40.9% (Nishi , 2011). This reduction in membrane fouling when using the process of
coagulation/flocculation as pretreatment was also observed in other studies. Madrona
(2010) used coagulation/ flocculation with moringa, followed by MF with ceramic
membranes with porosity of 0.1 and 0.2 um, for the treatment of surface water and observed
fouling percentages of around 94% during the filtration of raw water and slightly lower
values, around 88%, when water previously coagulated/flocculated with moringa was
filtered. Carroll et al. (2000) used polypropylene hollow fiber MF membrane to filter surface
water from the Moorabool River, Australia, and observed fouling percentages of 80% for
water without pretreatment and 50% for water pretreated by coagulation with alum.

According to Cheryan (1998), the type and extent of fouling depend on the chemical nature
of the membrane, the solute, and the solute-membrane interactions, as well as on the
porosity of the membrane and the working pressure used in the process.
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3. Conclusions

Performance evaluation of the hybrid systems (CFS-UF, CFQ-UF, and CFM-MF) showed
that the permeate quality was increased when compared with individually operated
systems. This is justified by the excellent ability of the MF/UF process to remove particles
and colloids. The results also indicate that when applying CF-MF/UF at optimum
conditions, a hygienic barrier effect was achieved for the treatment scheme, in which nearly
100% removal of total coliforms, E. coli, Giardia and Cryptosporidium was obtained at the end
of the process. In addition, the combined processes CFQ-UF, CFM-MF, and CFS-UF
produced drinking water in accordance with the legislation.

Given the above considerations, one can say that chitosan and Moringa oleifera have a
potential application as natural coagulants in CF-MF/UF hybrid processes for treating
drinking water with relatively high turbidity. This process can be used reliably to produce
drinking water of excellent quality.

4. List of abbreviations

Coagulation/flocculation = CF

Coagulation/flocculation using chitosan as coagulant = CFQ

Coagulation/flocculation using aluminum sulfate as coagulant = CFS
Coagulation/flocculation using chitosan as coagulant followed by ultrafiltration = CFQ-UF
Coagulation/flocculation using aluminum sulfate as coagulant followed by ultrafiltration =
CFS-UF

Coagulation/flocculation using moringa as coagulant = CFM

Coagulation/flocculation using moringa as coagulant followed by microfiltration = CFM-MF
Microfiltration = MF

Ultrafiltration = UF

Moringa oleifera = moringa

Natural organic matter = NOM
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