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ABSTRACT

Drinking water treatment is a process based on multiple stages that has a main objective to
provide water safe enough to be consumed by humans. Coagulation–flocculation is used to
remove colloidal and suspended solids. This process improves the performance of subse-
quent stages (as sedimentation or filtration) as well as the water quality with a desired end-
use. For many years, inorganic and organic synthetic polyelectrolytes have been used in
coagulation–flocculation processes. However, its use has been deeply studied recently to
determine the potential impact of residual concentration of these substances on human
health and the environment. Strict regulations limit the concentration of free residual mono-
mer after the addition of polyacrylamide (PAM) in drinking water treatment and study the
effect of interaction of the residues with disinfection products. Therefore, in the last years
there has been a resurgence of interest to use natural materials with the same performance
that synthetic, but with lower hazard for the environment and humans. This work studies
the use of the flocculant extracted from Moringa oleifera seed, in combination with polyalu-
minum chloride (PAC). The performance is compared with the combination PAC–PAM in
terms of coagulant activity and physical–chemical quality of the water treated. Jar test was
carried out using two types of natural water (with presence of bentonites) and different
combinations of coagulant and flocculants. Results show that coagulant activity of PAC–
Moringa combination is comparable with the results obtained with PAC–PAM, reducing
initial turbidity up to 90% in all the tests. With regard to physical–chemical quality of the
treated water, PAC–Moringa produces values under the drinking water quality standards
for all the parameters analyzed. It is remarkable that the decrease of 50% in the trihalome-
thanes formation potential rate shown for PAC–Moringa combination, observed when
treating natural water with presence of bentonites. Therefore, the results obtain in this work
encourage the use of Moringa oleifera extract as a natural, low cost, effective, and low-
toxicity alternative to the use of synthetic organic polyelectrolytes as polyacrylamide for
drinking water treatment.
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1. Introduction

Water purification is a comprehensive process
based on multiple stages that has the purpose of
obtaining an effluent with suitable quality for human
consumption. The number and sequence of stages
depend on the quality and quantity of the effluent to
be treated, on the effluent to obtain, as well as its end-
use. Fig. 1 shows a scheme of a general sequence of
water purification.

The raw surface water may contain large amount
of natural matter in suspension such as clays, silica,
micro-organisms, or algae that can settle or not,
depending on their size. The matter in solution or in
colloidal form (less than 10−4 mm size) usually forms
dispersions/suspensions that do not settle and cannot
be effectively treated by filtration. Such effluents
require, therefore, a preliminary treatment for destabi-
lizing the colloidal particles and for inducing them to
aggregate in the form of flocs or larger particulates,
prior to their separation. This treatment is known as
flocculation.

The performance of this stage has a direct influ-
ence on the performance of subsequent stages such as
sedimentation or filtration, which have an effect on
the quality of the final effluent.

1.1. Coagulation and flocculation

Coagulation is the physical–chemical process of
neutralization of the surface charge of suspension par-
ticles present in the raw water, with the aim to reduce
the forces of separation between them, destabilizing
them, and facilitating their agglomeration. The main
coagulants, used alone or in combination, are the fol-
lowing:

� inorganic coagulants such as simple aluminum
salts (alumina sulfate or sodium aluminate) or

polymerized salts (aluminum polychloride), iron
salts (ferric sulfate or ferric chloride), or lime
[1,2];

� natural organic coagulants, which can be cationic
such as chitosan or starch, anionic as sulfated
polysaccharides, or non-ionic such as some
starch derivatives, cellulose derivatives, or gela-
tin [3];

� synthetic organic coagulants, being polyacryl-
amide one of the most commonly used.

Flocculation refers to the agglomeration of coagu-
lated particles in flocs. Once colloids are destabilized,
a smooth blend of particles is done to increase the rate
of encounter or collisions between them. This stage
should not break or disrupt pre-formed aggregates,
but increase their size and facilitate their sedimenta-
tion or subsequent removal. Flocculants can be organic
or inorganic, such as clay (bentonite), salts of calcium
carbonate or activated carbon, alginates, starches,
gums, pectins, or xanthates, among others.

1.2. Use of coagulants and flocculants: advantages and
drawbacks

Inorganic coagulants have been traditionally used
for their effectiveness. Currently, aluminum polybases,
also known as polyaluminum chloride (PAC), are
often used since they provide a lower concentration of
residual aluminum in treated water. This point is very
important in the treatment of drinking water, as there
is some evidence about the relationship between high
levels of residual aluminum in treated water with cer-
tain diseases such as Alzheimer’s disease [4–12].

Organic polyelectrolytes have been widely used in
the process of coagulation–flocculation in the last 40
years [13]. In comparison with the use of metal salts
they show some advantages: lower doses of coagulant,
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Fig. 1. General scheme of drinking water treatment.

3636 B. Garcı́a-Fayos et al. / Desalination and Water Treatment 55 (2015) 3635–3645



easier settling and consistency of the flocs [14], lower
volume of sludge, smaller increase of the ionic charge
of the treated water, lower level of aluminum in trea-
ted water, and costs reduction by 25–30%.

However, their use is increasingly most questioned
due to:

� environmental problems [15,16], primarily for
the generation of toxic sludge that cannot be
used in agriculture;

� connection with cancer [17–19]. Acrylamide, in
particular, is classified as CMR substance (Car-
cinogenic, Mutagenic, or Toxic for reproduction)
by health authorities.

In fact, some reports linked the presence of waste
monomers from the use of organic polymers (espe-
cially the cationic ones), with possible toxic effects to
humans and the environment [20,21].

Within organic polyelectrolytes, anionic and non-
ionic polymers have lower toxicity, in comparison with
the cationic ones, especially for aquatic organisms,
either flora or fauna [22]. In fact, some countries such
as Japan or Switzerland forbade the use of organic
polyelectrolytes in the treatment of drinking water
[23], and others such as Germany and France
have established strict limits for using organic
polyelectrolytes due to their potential toxicity and their
high impact on aquatic organisms such as fish or algae
[20].

On the other hand, since monomers are more toxic
than polymers [24], strict regulations have been adopted
in terms of free monomer present in treated water,
especially with products derived from acrylamide.

According to current legislation in Spain, to ensure
that the monomer concentration is less than 0.1mg/L
in treated water [25,26], PAM dosages must be in the
range of 0.2–0.5 mg/L. The central value of this range
(0.3 ppm) is usually taken as the reference dose of
PAM so guarantees an adequate operation of coagula-
tion–flocculation stage avoiding monomer concentra-
tions higher than those required.

For drinking water production, the NSF (National
Sanitation Foundation) of USA has recommended a
maximum dose for the most commonly used commer-
cial polymers, not exceeding 50mg/L for the p-DAD-
MAC and 1mg/L for any type of polyacrylamide
[27,28]. It has also been studied the interaction of the
polymer remaining in the water and its reaction with
components of water, which causes the formation of
trihalomethanes (THMs) [29,30] or the disinfection by-
products [29,31,32].

1.3. Potential of natural coagulants

Natural coagulants have been traditionally used to
remove turbidity of the water in the domestic environ-
ment [33–35]. Natural coagulants are water soluble
substances, coming from vegetable or animal materials
[36–39] that act similarly to synthetic coagulants,
aggregating particles of small size, present in the sus-
pension of the raw water, facilitating its sedimenta-
tion, and reducing water initial turbidity.

Some of the most commonly used natural coagu-
lants are chitosan, modified starch, or sodium alginate.
Within natural coagulants, the primary vegetable
coagulant most studied nowadays due to its great
potential is Moringa oleifera seed. It has a high effi-
ciency as primary natural coagulant, achieving a high
reduction of turbidity (between 92 and 99%) [40,41],
and producing lower sewage sludge than that pro-
duced by aluminum sulfate [42].

The main drawback of Moringa oleifera and other
natural coagulants is a consequence of being added in
water as powdered seeds. As a result of this, they
cause a significant increase of the organic load of
water (up to 90%) due to the organic substances com-
ing from seeds that do not act as flocculating agents
(Jahn, 1988) [42,43]. This fact prevents storing treated
water for more than 24–48 h (Jahn, 1988). In fact, some
research about Moringa is focused on the purification
of the active compound by simple methods [44,45], in
order to avoid such inconvenience.

However, they are very interesting compounds
because of low cost, natural origin, and less impact on
the environment and the human being. These advanta-
ges have resulted in increasing research on them. This
paper studies the application of the coagulant
extracted from Moringa oleifera in natural water, com-
paring its effectiveness and the physical–chemical
quality of the treated water with that obtained using
PAC as coagulant and PAC/PAM as coagulant–floccu-
lant. Two types of raw water, with and without pres-
ence of bentonite, have been used.

2. Materials and methods

2.1. Coagulant preparation

2.1.1. PAC coagulant preparation

Aluminum polychloride (PAC) used in this work
is the commercial product called PAX XL-63
(KEMIRA). It is diluted at 1% (w/v) in tap water for
use in the jar test. The solution must be prepared
again after 24 h.
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2.1.2. Moringa oleifera crude extract preparation

Moringa oleifera seeds (MO) were collected from the
surroundings of Ressano Garcia (Mozambique). Pods
and shells were removed manually, and the kernels
were ground in a domestic blender (Elma) and sieved
through a 600 μm stainless steel sieve. Approximately
50 g of Moringa oleifera crushed seeds were fed to a
lab-scale Soxhlet extractor fitted in a 500mL round-
bottom flask with 350mL of solvent (ethanol, Panreac
SA). Extraction time was 6 h and 20 cycles were per-
formed. A protein extract was prepared with defatted
seeds and local tap water in a 5% (w/v) suspension,
which was mixed with a magnetic stirrer for 60min
and left to settle for 20min. The Moringa oleifera crude
extract was then filtered through a 0.45 μm cellulose
acetate filter (Spartan 30 B, VWR International).

2.1.3. PAM preparation

In the case of polyacrylamide, the commercial
product is the CROSEFLOC A-200 supplied by
KEMIRA. Solutions of 1 mg/mL with tap water were
used. The useful life of the solution is 24 h, after which
a new dilution is prepared.

2.2. Coagulant activity test

Jar tests were carried out in 1 L beakers to deter-
mine the effective dosage of coagulant or coagulant–
flocculant that is able to reduce the turbidity of the
sample. Conditions for Jar test are specified in Table 1.

After settling time, supernatant was collected from
each beaker and the turbidity was measured using a
D 112 turbidimeter (DINKO Instruments).

The residual turbidity was used as a basis for com-
paring the coagulant activity (in percentage), calcu-
lated with equation 1:

Coagulant activity ð%Þ

¼ ðInitial turbidity� Residual turbidityÞ
Initial turbidity

� 100
(1)

Each test series includes a control or blank corre-
sponding to a sample of water without addition of
coagulant or flocculant, but perform with the same
conditions of agitation and settling to samples contain-
ing coagulant.

Jar tests were performed using two types of water:

� Type 1: natural water of low turbidity collected
from Turia River, which supplies water to the
water treatment plant “La Presa” located in
Manises (Valencia).

� Type 2: natural water of medium turbidity, col-
lected from the vicinity of the River Turia which
contains natural bentonite in a concentration
range between 200 and 300mg/L.

2.3. Physical–chemical analysis of water samples

Once each test is performed, a sample of superna-
tant is taken for analyzing the main physicochemical
characteristics of the blank and of each of the tested
samples. The results obtained are compared with the
limit established in Spanish RD 140/2003 legislation
that sets the guidelines for drinking water.

3. Results and discussion

3.1. Results of Jar test for type 1 water

Firstly, the results of Jar test made with raw water
from the River Turia (type 1 water) are shown. These
results show the curves of settling expressed as coagu-
lant activity versus the concentration of coagulant or
coagulant–flocculant used.

3.1.1. Results with PAC

Fig. 2 shows the results obtained with the coagu-
lant PAC. It can be observed the low turbidity of raw
water in all samples, with values lower than 6 NTU.

In all the tests, the settling rate is above 85% for
doses of PAC of 15 ppm and 93% for the doses of
PAC of 20 ppm. The turbidity value obtained for this

Table 1
Jar test conditions

High stirring
speed/time

Speed reduction
(rpm)

Flocculant
addition

High
speed/time

Low stirring
speed/time

Settling time
(min)

Coagulant test 250 rpm/1min 40 No 250 rpm/1
min

40 rpm/15min 15

Coagulant +
flocculant test

250 rpm/1min 40 Yes 250 rpm/1
min

40 rpm/15min 15
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concentration is nearly the same than the one of dis-
tilled water and less than 1 NTU (the limit set by RD
140/2003 for drinking water).

3.1.2. Results with PAC–MO

Fig. 3 shows the results obtained with the coagu-
lant PAC and Moringa as coadjuvant. The best results
according to the results of Fig. 2 have been selected,
i.e. those obtained with 15–20 ppm of PAC.

It is observed that the coagulant activity is above
85% in all cases. This activity is not significantly
increased with the addition of Moringa. Furthermore,
significant differences in the coagulant activity are not
appreciated with concentrations of PAC–MO of 15
ppm and 20 ppm.

On the other hand, it might be said that in waters
with very low initial turbidity (as those tested), the

effect of the addition of Moringa does not show an
improvement in turbidity removal. However, it is
observed as an improvement in the size of the flocs,
which are larger as the concentration of Moringa
increases.

3.1.3. Results with PAC–PAM

Fig. 4 shows the results obtained with the coagu-
lant PAC and the coadjuvant PAM. The figure shows
that the percentage of coagulant activity increases by
increasing the concentration of PAC, resulting in val-
ues higher than 70% in all cases. The highest value
(99.8%) is obtained for PAC concentration of 20 ppm.

As it happened in the case of the MO, the addition
of PAM does not show an improvement of the coagu-
lant activity with the addition of PAC alone, since the
initial turbidity of the water is very low. But there is
an increase in the size of the observed flocs.

3.2. Physical–chemical quality of treated water from type 1
water tests

Table 2 shows the results of the physicochemical
analysis of samples selected from the Jar test with
type 1 water:

� In the case of PAC, concentrations of 15 and 20
ppm have been selected since they are those that
have provided the highest values of coagulant
activity.

� In the case of the combination of PAC–PAM, 20
ppm of PAC and 0.3 ppm of PAM have been
selected, as they showed higher percentages of
coagulant activity and larger size of the flocs.
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� In the case of the combination of PAC–MO, 15
and 20 ppm of PAC have been selected. Concen-
trations of MO were: 5–10 ppm for 15 ppm of
PAC, and 3 and 8 ppm for 20 ppm of PAC.
These MO concentrations were selected in order
to observe the effect of the addition of various
concentrations of this extract on the quality of
the treated water.

As it can be seen in Table 2, the results obtained
for all parameters measured in this physical–chemical
analysis are below the legal limit established accord-
ing to the RD 140/2003, except for the case of the
THMs formation potential, which is not met for any of
the samples (including blank).

In greater detail, it is observed that:

� For all samples treated with coadjuvant turbid-
ity, pH, conductivity, nitrites, and ammonia
have similar values to the blank and are below
the limit established by the RD 140/2003.

� Oxidability to permanganate and absorbance at
254 nm of the water treated with Moringa are
below the limit established by RD 140/2003, but
they are higher than the values of the same
parameters for blank and above the values
obtained in the water treated with PAC–PAM.
This would be indicative of the organic content
of the water, which logically increases as a con-
sequence of the addition of Moringa extract. This
trend is observed in four of the samples treated
with Moringa, but it is much less relevant in the
case of 20 ppm of PAC with 0.3 ppm of MO.

� In all samples treated with MO, THMs formation
potential is increased in comparison with blank.
The samples treated with PAM or with PAC
alone show values below those of blank, but in
all cases above the limit established by RD 140/
2003.

� For residual aluminum, it can be seen that sam-
ples treated with Moringa show values of this
parameter below the ones of the samples treated
with coagulant.

According to the results obtained for the raw natu-
ral water type 1, it can be concluded that:

� The optimum concentration of PAC to treat low
turbidity (less than 6 NTU) water is 20 ppm.
This concentration results in values of turbidity
similar to those of distilled water.

� The effect of coadjuvant in the decrease of water
turbidity is practically insignificant. This diffi-
culty is increased by the low turbidity of the
water and the natural sedimentation that occurs
over time in the original samples. As a conse-
quence of this, the optimal dosage of coadjuvant
to low turbidity water cannot be found.

� Concerning the physical–chemical quality of the
treated water, it can be stated that the addition
of coadjuvants (PAM and MO) does not alter the
pH, conductivity, nitrites, and ammonia of the
water. PAM decreases the THMs formation
potential by 15%, as well as the absorbance at
254 nm and the oxidability to permanganate.
Whereas, Moringa increases all these parameters,

Table 2
Physical—chemical quality of treated water (type 1)

Concentration added (ppm)

PAC 0 15 20 20 15 15 20 20
Coad. 0 0 0 0.3 PAM 5 MO 10 MO 3 MO 8 MO

Water quality obtained Limit RD 140/2003

Turbidity (NTU) 5.53 0.9 0.35 0.45 0.54 0.44 0.43 0.5 1
Color (mg/L Pt–Co) 2.6 2.4 1.7 1.8 3.2 3.2 3 4.3 15
pH 8.5 8.2 8.2 8.2 8.3 8.2 8.2 8.2 6.5–9.5
Conductivity (μS/cm) 999 985 988 980 1,007 1,001 992 995 2,500
KMnO4Oxidability(mg O2/L) <0.2 <0.2 <0.2 <0.2 1.3 1 0.3 1 5
Nitrites (mg/L) 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.1
Ammonium (mg NH4/L) 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.5
Aluminum (μg/L) <25 142 152 138 124 120 138 162 200
Absorbance at 254 nm 0.024 0.029 0.022 0.023 0.037 0.040 0.026 0.052 —
THMs (μg/L) 138 117 107 118 210 294 157 290 100
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but they are in any case below the limit estab-
lished by RD 140/2003, with the exception of
THMs formation potential. THMs formation
potential is over the limit established by RD
140/2003 for all the tested samples, including
the blank.

� The increase of absorbance at 254 nm and oxida-
bility to permanganate observed for samples
treated with Moringa is due to the contribution
of organic matter of the extract.

� For residual aluminum, it can be seen that the
samples treated with Moringa show values of
this parameter lower than the samples treated
with coagulant (PAC) and similar to those trea-
ted with PAC and PAM.

3.3. Results of Jar test for type 2 water

Results of the Jar test carried out with raw water type
2 are shown following. Results show the curves of set-
tling expressed as coagulant activity versus the concen-
tration of coagulant or coagulant and coadjuvant used.

3.3.1. Results with PAC

Fig. 5 shows the Jar test results for type 1 and type
2 raw water, using PAC as coagulant. First of all, it
can be seen that type 2 water has a higher initial tur-
bidity value, which is close to 14 NTU (in comparison
of 2 NTU of type 1 raw water). This allows to more
easily observing the effect of coadjuvant in flocs as
well as in the turbidity of treated water.

Furthermore, it can be observed that the optimal con-
centrations of PAC coagulant to achieve residual values
below 1 NTU (limit set by RD 140/2003) must be higher
than 15 ppm in both cases (water type 1 and type 2).

3.3.2. Results with PAC–PAM

Fig. 6 shows the results obtained for the Jar test
using PAC as coagulant and PAM as coadjuvant.
Different concentrations of PAM were tested (results
not shown). The best results were obtained for concen-
trations of this coadjuvant of 0.3 ppm and higher.
However, since 0.3 ppm is the representative value of
the range of doses used to ensure that the monomer
concentration does not exceed the limit established by
legislation, the best results obtained for this concentra-
tion of 0.3 ppm are shown.

It is observed that in all cases, coagulant activity
values are above 85%. The maximum values of coagu-
lant activity are achieved for concentrations of PAC
from 15 to 20 ppm. These results agree with those
obtained with the raw water type 1 shown in para-
graph 3.1. These optimal values will be selected for
the physical–chemical analysis of samples.

3.3.3. Results with PAC and MO

Fig. 7 shows the results for the Jar tests using PAC
as coagulant and MO as coadjuvant. It is observed
that values of coagulant activity above 97% are
reached for 15 and 20 ppm of PAC. Regarding the
addition of Moringa, values of coagulant activity are
hardly improved by the addition of Moringa extract at
concentrations below 10 ppm, being even reduced
from that concentration. However, the floc size
observed is increased with the addition of coagulant–
flocculant in comparison with the addition of coagu-
lant alone.
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3.4. Physical–chemical quality of treated water from type 2
water tests

Results of Table 3 show the physical–chemical
analysis performed with samples selected as best in
previous trials of Jar test.

Firstly, it is observed that the presence of bentonite
in type 2 water increases the final turbidity in the
supernatant and also parameters like color, oxidability
to permanganate, aluminum concentration, absorbance
at 254 nm, and the potential for formation of THMs.
All of these parameters are below the limits set by the
RD 140/2003, except the turbidity and the potential of
THMs, which are above the limit, as it happened with
the type 1 raw water.

On the other hand, the addition of PAC allows to
decrease the color, the absorbance at 254 nm, maintains
pH, conductivity, nitrates and ammonia, increases the
oxidability to permanganate, the concentration of alu-
minum, and slightly the potential of THMs formation.
All values remain below the limit set by the RD 140/
2003, except turbidity and THMs formation potential.

Finally, Table 4 shows the results obtained with
the combination of coagulant and coadjuvant. First of
all, it is observed that the residual turbidity values for
all samples where coagulant and coadjuvant are
added are below the limit set by RD 140/2003.

In relation to the addition of PAM with PAC, it is
observed that all values remain similar to those of raw
water type 2 and below the limit set by RD 140/2003,
except for the concentration of aluminum that
increases with the increase of PAC concentration, even
reaching a value above the limit with 20 ppm of PAC.
The addition of PAC and PAM decreases the potential
of THMs formation between 9 and 20%, in comparison
with the value of the raw water. This fact is not
observed with the addition of coagulant alone.

In relation to the addition of MO with PAC, it can
be seen that as concentration of PAC increases and
concentration of MO decreases there is a decrease of
color and turbidity. Although turbidity and color val-
ues decrease in comparison with blank, these values
are higher than those obtained with the PAM–PAC
combination. Anyway, they are in all cases below the
limit set by the RD 140/2003.

Conductivity, pH, ammonia, and nitrite values
remain constant with regard to blank, and are below the
limit set by the RD 140/2003. Values of permanganate
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Fig. 7. Jar test results for water type 2, using PAC as coag-
ulant and a MO as coadjuvant.

Table 3
Physical–chemical quality of water type 1, water type 2, and water type 2 treated with PAC

Concentration added (ppm)

PAC 0a 0b 15 20
Coad. 0 0 0 0

Water quality obtained Limit RD 140/2003

Turbidity (NTU) 5.53 6.6 6.8 5.3 1
Color (mg/L Pt–Co) 2.6 8 4 4 15
pH 8.5 8.4 8.2 8.2 6.5–9.5
Conductivity (μS/cm) 999 986 981 978 2,500
KMnO4 Oxidability (mg O2/L) <0.2 1.28 1.51 1.91 5
Nitrites (mg/L) 0.01 0.03 0.02 0.02 0.1
Ammonium (mg NH4/L) 0.1 <0.2 <0.2 <0.2 0.5
Aluminum (μg/L) <25 59 174 199 200
Absorbance at 254 nm 0.024 0.061 0.016 0.016 —
THM’s (μg/L) 138 141.9 152.5 157.5 100

aWater type 1.
bWater type 2.
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oxidability and absorbance at 254 nm increase with
respect to the blank, and with the increase in the concen-
tration of Moringa extract added, as a consequence of the
addition of organic matter coming from Moringa extract.
In any case, values do not exceed the limits set by the RD
140/2003.

The value of the aluminum concentration increases
with the increase of PAC concentration in the same
way that happened in the case of PAC alone, or in the
case of the PAM–PAC, and it is attributed to the alu-
minum present in PAC.

Finally, it should be noted that the combination of
PAC–MO reduces the initial value of THMs formation
potential of raw water, in percentages between 40.5
and 61.4%, being in all cases below the limit set by the
RD 140/2003. The best results are achieved for concen-
trations of PAC of 15 ppm, and concentrations of
Moringa extract of 12 and 7 ppm.

This result had neither been observed in the tests
made with type 1 water nor with type 2 water. So it seems
that the presence of natural betonite combined with Mo-
ringa extract decreases potential formation of THMs in
water. This result is very useful because it allows:

� delete the main problem associated with the use
of this natural coagulant, which is the contribu-
tion of organic load to water, and which is
responsible for the numerous present researches
aimed to purify coagulating extract of Moringa.

� consider this coagulant natural as a low cost,
effective, low-toxicity alternative to the use of
organic synthetic polyelectrolytes as PAM,
whose use is more and more limited for the
treatment of drinking water.

4. Conclusions

The main conclusions of this work are the follow-
ing ones:

� Jar tests have allowed validating Moringa oleifera
as an effective coagulant for the treatment of
drinking water from natural waters.

� The increase in turbidity of raw water
allows observing more clearly the effect that
coagulant or coagulant/flocculant has on treated
water.

� Moringa is less effective than PAM in the reduc-
tion of the initial turbidity of raw water and
require higher concentration of PAC coagulant
to produce comparable results of coagulant
activity.

� In relation to the physical–chemical quality of
the treated water, it is observed that tests with
PAC and PAC–PAM enable to obtain (at opti-
mum concentrations) water considered safe, with
the exception of potential of trihalomethanes for-
mation.

� Addition of PAC, bentonite, or PAC–PAM
combination increases or remains the potential
of trihalomethanes formation in the raw water,
with values above the limit set by the RD 140/
2003.

� The presence of natural bentonite in water type
2 in combination with Moringa extract reduces
the potential formation of trihalomethanes in
water, up to values that allow meeting the RD
140/2003 and allows qualifying it as drinking
water.

Table 4
Physical–chemical quality of raw water type 2 and water treated with PAC–PAM and PAC–MO

Concentration added (ppm)

PAC 0 15 20 15 15 20
Coad. 0 0.3 PAM 0.3 PAM 12 MO 7 MO 3 MO

Water quality obtained Limit RD 140/2003

Turbidity (NTU) 1,3 0,35 0,32 0,98 0,6 0,58 1
Color (mg/L Pt–Co) 7 2 3 9 7 5 15
pH 8.4 8.2 8.1 8.0 8.1 8.1 6.5–9.5
Conductivity (μS/cm) 987 987 989 981 989 985 2,500
KMnO4 Oxidability (mg O2/L) 1 1.3 1.2 4.9 3.7 3.1 5
Nitrites (mg/L) 0.02 0.02 0.02 <0.02 <0.02 0.03 0.1
Ammonium (mg NH4/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.5
Aluminum (μg/L) 62 175 219 142 144 197 200
Absorbance at 254 nm 0.038 0.024 0.025 0.057 0.046 0.045 —
THM’s (μg/L) 162 129 147 62.5 66.5 96.4 100

B. Garcı́a-Fayos et al. / Desalination and Water Treatment 55 (2015) 3635–3645 3643



Acknowledgments

This research has been done in the framework of
the project “Study of synthetic and natural coagulants
susceptible of being used in the water treatment plant
of “Ribarroja del Turia” (Valencia) as substitutes for
polyacrylamide”. The authors wish to thank the staff
of the laboratory of the Department of Water Quality
of the company “Aguas de Valencia” located in La
Presa (Manises) for its collaboration in the water tests
of this work.

References

[1] J.E. Van Benschoten, J.K. Edzwald, Chemical aspects
of coagulation using aluminum salts—I. Hydrolytic
reactions of alum and polyaluminum chloride, Water
Res. 24 (1990) 1519–1526.

[2] I. Njam, C. Tate, D. Selby, Optimizing enhanced coag-
ulation with PAC. A case of study, J. Am. Water
Works Assn. 90 (1998) 88–95.

[3] B.A. Bolto, Soluble polymers in water purification,
Prog. Polym. Sci. 20(6) (1995) 987–1041.

[4] D.R. Crapper, S.S. Krishnan, A.J. Dalton, Brain alumin-
ium distribution in Alzheimer’s disease and experi-
mental neurofibrillary degenaeration, Science 180
(1973) 511–513.

[5] A.C. Alfrey, G.R. Legendre, W.D. Kaehny, The dialysis
encephalopathy syndrome, a possible aluminum intox-
ification, J. Med. Chem. 294 (1976) 184–188.

[6] M.D.R. Crapper, D. Boni, Aluminum in human brains
disease—An overview, Neurotoxicology and Teratol-
ogy 1 (1980) 3–16.

[7] A.M. Davison, H. Oli, G.S. Walker, Water supply alu-
minum concentrations, dialysis dementia, and effects
of reverse osmosis water treatment, Lancet 320 (1982)
785–787.

[8] M.J. Gardner, A.M. Gunn, Bioavailability of Al from
food and drinking water, Proceedings of the Royal
Society of Medicine Round Table Series: Alzheimer’s
Disease and the environment, London, UK, 1991.

[9] M.R. Jekel, Aluminum in water: How it can be
removed? Use of aluminum salts in treatment, Pro-
ceedings of the International Water Supply Associa-
tion, Copenhagen, Denmark, 1991.

[10] V. Rondeau, D. Commenges, H. Jacqmin-Gadda, Rela-
tion between aluminium concentrations in drinking
water and Alzheimer’s disease: an 8-year follow-up
study, Am. J. Epidemiol. 152 (2000) 59–66.

[11] V. Rondeau, H. Jacqmin-Gadda, D. Commenges, J.F.
Dartigues, Aluminum in drinking water and cognitive
decline in elderly subjects: The Paquid Cohort, Am. J.
Epidemiol. 154 (2001) 288–290.

[12] E. Gauthier, I. Fortier, F. Courchesne, P. Pepin, J.
Mortimer, D. Gauvreau, Forms in drinking water and
risk of Alzheimer’s disease, Environ. Res. 84 (2000)
A234–246.

[13] S. Kawamura, Considerations on improving floccula-
tion, J. Am. Water Works Assoc. 68 (1976) 328–336.

[14] A.D. Faust, O.M. Aly, Chemistry of Water Treatment,
Butterworths, Boston, MA, 1983, pp. 326–328.

[15] H.M. Christopher, P.S. Michael, G.G. Doyle, In vitro
acrylamide exposure alerts growth cone morphology,
Toxicol. Appl. Pharmacol. 131 (1995) 119–129.

[16] R.C. Kaggwa, C.I. Mulalelo, P. Denny, T.O. Okurut,
The impact of alum discharges on a natural tropical
wetland in Uganda, Water Res. 35 (2001) 795–807.

[17] K.L. Dearfield, C.O. Abernathy, S. Ottley, J.H. Brantner,
P.F. Hayes, Acrylamide: Its metabolism, developmental
and reproductive effects, genotoxicity, and carcinoge-
nicity, Mutation Res. 195 (1964) 45–77.

[18] D. Mccollister, F. Oyen, V.K. Rowe, Toxicology of acryl-
amide, Toxicol. Appl. Pharmacol. 6 (1964) 172–181.

[19] J. Mallevialle, A. Bruchet, F. Fiessinger, How safe are
organic polymers in water treatment, J. Am. Water
Works Assn. 76 (1984) 431–436.

[20] B. Bolto, J. Gregory, Organic polyelectrolites in water
treatment, Water Res. 41 (2007) 2301–2324.

[21] World Health Organization, Guidelines for drinking-
water quality: Incorporating first and second addenda,
in: World Health Organization (Ed.) Recommenda-
tions, third ed., vol. 1, World Health Organization,
Geneva, 2008, pp. 188–194.

[22] J.D. Hamilton, K.H. Reinert, M.B. Freeman, Aquatic
risk assessment of polymers, Environ. Sci. Technol. 28
(1994) A187–A192.

[23] R.D. Letterman, R.W. Pero, Contaminants in polyelec-
trolytes used in water-treatment, Journal AWWA. 82
(1988) 159–167.

[24] J. Criddle, A review of the mammalian and aquatic
toxicity of polyelectrolites, NR 2545 Medmenhan,
Foundation for Water Research 1990.

[25] BOE, RD 140 /2003 Health criteria of the quality of
water for human consumption in Spain. Available
from: http://www.boe.es/diario_boe/txt.php?id=BOE
-A-2003-3596.

[26] BOE, SCO/3719/2005 order, Spanish Ministry of
Health and Consumption. Substances that can be used
in drinking water treatment for human consumption.
Available from: http://www.boe.es/boe/dias/2005/
12/01/pdfs/A39473-39485.pdf.

[27] California Department of Public Health, A Brief His-
tory of NDMA Findings in Drinking Water Supplies,
2006. Available from: http://ww2.cdph.ca.gov/cert
lic/drinkingwater/Pages/NDMAhistory.aspx.

[28] U.S. Environmental Protection Agency, Unregulated
Contaminant Monitoring Regulation (UCMR) for Pub-
lic Water Systems Revisions. Available from: http://
www.epa.gov/fedrgstr/EPA-WATER/2007/January/
Day-04/w22123.htm.

[29] B. Bolto, J. Gregory, Organic polyelectrolites in water
treatment, Water Res. 41 (2007) 2301–2324.

[30] A. Hebert, D. Forestier, D. Lenes, D. Benanou, S.
Jacob, C. Arfi, L. Lambolez, Y. Levi, Innovative
method for prioritizing emerging disinfection-by-
products (DBPs) in drinking water on the basis of
their potential impact on public health, Water Res. 44
(2010) 3147–3165.

[31] A.C. Gerecke, D.L. Sedlak, Precursors of N-nitroso-
dimethylamine in natural waters, Environ. Sci. Tech-
nol. 37 (2003) 1331–1336.

[32] J.W. Charrois, M.W. Arend, K.L. Froese, S.E. Hrudey,
Detecting N-nitrosamines in drinking water at nano-
gram per liter levels using ammonia positive chemical
ionization, Environ. Sci. Technol. 38 (2004) 4835–4841.

3644 B. Garcı́a-Fayos et al. / Desalination and Water Treatment 55 (2015) 3635–3645

http://www.boe.es/diario_boe/txt.php?id=BOE-A-2003-3596
http://www.boe.es/diario_boe/txt.php?id=BOE-A-2003-3596
http://www.boe.es/boe/dias/2005/ 12/01/pdfs/A39473-39485.pdf.
http://www.boe.es/boe/dias/2005/ 12/01/pdfs/A39473-39485.pdf.
http://ww2.cdph.ca.gov/certlic/drinkingwater/Pages/NDMAhistory.aspx
http://ww2.cdph.ca.gov/certlic/drinkingwater/Pages/NDMAhistory.aspx
http://www.epa.gov/fedrgstr/EPA-WATER/2007/January/Day-04/w22123.htm
http://www.epa.gov/fedrgstr/EPA-WATER/2007/January/Day-04/w22123.htm
http://www.epa.gov/fedrgstr/EPA-WATER/2007/January/Day-04/w22123.htm


[33] S.A.A. Jahn, Effectiveness of traditional flocculants as
primary coagulants and coagulants aids for the treat-
ment of tropical raw water with more than thousand-
fold fluctuation in turbidity, Water Supply 2 (1984)
8–10.

[34] S.A.A. Jahn, Proper use of African natural coagulants
for rural water supplies- Research in the Sudan and a
guide for new projects, Deutsche Gesellschaft für
Technische Zusammenarheit (GTZ), Eschborn, 1986.

[35] C.C. Dorea, Use of Moringa spp. seeds for coagula-
tion: A review of a sustainable option, Water Sci.
Technol. Water Supply 6 (2006) 219–227.

[36] S. Kawamura, Effectiveness of natural polyelectrolytes in
water treatment. Journal AWWA. October (1991) 88–91.

[37] S.H. Lee, S.O. Lee, K.L. Jang, T.H. Lee, Microbial floc-
culant from Arcuadendron SP-49, Biotechnol. Lett. 17
(1995) 95–100.

[38] H. Ganjidoust, K. Tatsumi, T. Yamagishi, R.N.
Gholian, Effect of syntethic and natural coagulant on
ligning removal from pulp and paper waste water,
Water Sci. Technol. 35 (1997) 286–291.

[39] W.F. Broekaert, B.P.A. Cammue, M.F.C. De Bolle,
K. Thevissen, G.W. De Samblanx, R.W. Osborn,

Antimicrobial Peptides from plants, Crit. Rev. plant
Sci. 16 (1997) 297–323.

[40] S.A.A. Jahn, Using Moringa seeds as coagulants in
developing countries. Journal AWWA. 80 (1988) 43–50.

[41] S.A. Muyibi, C.A. Okuofu, Coagulation of low turbid-
ity surface water with Moringa oleifera seeds, Int. J.
Environ. Stud. 48 (1995a) 263–273.

[42] A. Ndabigengesere, K.S. Narasiah, B.G. Talbot, Active
agents and mechanism of coagulation of turbid waters
using Moringa oleifera, Water Res. 29 (1995) 703–710.

[43] T. Okuda, A.U. Baes, W. Nishijima, M. Okada, Isola-
tion and characterization of coagulant extracted from
Moringa oleifera seed by salt solution, Water Res. 35
(2001) 405–410.

[44] K.A. Ghebremichael, K.R. Gunaratna, H. Henriksson,
H. Brumer, G. Dalhammar, A simple purification and
activity assay of the coagulant protein from Moringa
oleifera seed, Water Res. 39 (2005) 2338–2344.

[45] J. Sánchez-Martı́n, K. Ghebremichael, J. Beltrán-
Heredia, Comparison of single-step and two-step
purified coagulants from Moringa oleifera seed for
turbidity and DOC removal, Bioresour. Technol. 101
(2010) 6259–6261.

B. Garcı́a-Fayos et al. / Desalination and Water Treatment 55 (2015) 3635–3645 3645


	Abstract
	1. Introduction
	1.1. Coagulation and flocculation
	1.2. Use of coagulants and flocculants: advantages and drawbacks
	1.3. Potential of natural coagulants

	2. Materials and methods
	2.1. Coagulant preparation
	2.1.1. PAC coagulant preparation
	2.1.2. Moringa oleifera crude extract preparation
	2.1.3. PAM preparation

	2.2. Coagulant activity test
	2.3. Physical-�chemical analysis of water samples

	3. Results and discussion
	3.1. Results of Jar test for type 1 water
	3.1.1. Results with PAC
	3.1.2. Results with PAC-�MO
	3.1.3. Results with PAC-�PAM

	3.2. Physical-�chemical quality of treated water from type 1 water tests
	3.3. Results of Jar test for type 2 water
	3.3.1. Results with PAC
	3.3.2. Results with PAC-�PAM
	3.3.3. Results with PAC and MO

	3.4. Physical-�chemical quality of treated water from type 2 water tests

	4. Conclusions
	Acknowledgments
	References



