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a b s t r a c t

In this paper the ability of two natural products in removing dyes has been tested. After a preliminary
screening for dye removal capacity, a tannin-based coagulant called ACQUAPOL C-1 and a vegetal protein
extract derived from Moringa oleifera seed have been fully studied. The influence of several parameters
such as pH, temperature or initial dye concentration (IDC) have been tested and the behavior of both
vailable online 9 May 2009

eywords:
oringa oleifera
lizarin Violet 3R
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coagulants has been compared. pH results to be an interesting variable and dye removal decreases as pH
increases. This effect is higher in ACQUAPOL C-1 than in M. oleifera seed extract. Temperature seems not
to be so affecting parameter, while IDC appears to be a very important variable in qc capacity, which is
higher as IDC increases. Langmuir isotherm model fits very well in both cases of ACQUAPOL C-1 and M.
oleifera seed extract dye removal.
atural coagulant agents
locculation

. Introduction

Dyestuff is one of the largest industries all over the world, and its
mplications to economic and social conditions in many countries
re quite important, mainly in India and China [1]. Depending on
everal factors as fiber class, color or industrial procedure, there is a
uite large variety of dye substances that might be highly pollutant
f dumped.

Over 50,000 tons of dye are discharged into environmental efflu-
nt annually, so they are risky hazardous substances because they
amage aquatic and vegetal life [2]. For many years researchers
ave been working on several ways of removing dyes from wastew-
ter and different procedures have been developed: adsorption
nto materials such activated carbon [3,4], physical and chemical
egradation [5,6] and a large number of other techniques: Fenton’s
xidation, electrochemical degradation, ozonization, etc. [7,8].

Dyes may be classified into several different groups, accord-
ng to their usage in dyestuff. Consequently, there are acidic,

asic, disperse, direct dyes, etc. (family names that have to do
ith when and how dyes are used). Regarding, on the other
and, to their chemical structure, lots of compounds are included
s dye. In the present work we have considered five kinds of
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dyes: azo-dyes (Chicago Sky Blue 6B, Acid Red 88 and Palatine
Fast Black WAN), anthraquinonic (Alizarin Violet 3R), triphenyl-
methane (Eriochromecyanine), indigoid (Indigo carmine) and
thiazinic (Methylene Blue). Apart from this last one, they are anionic
dyes. A preliminary screening of Moringa oleifera and ACQUAPOL C-1
ability in removing dyes were done on these five types of dye. Then,
we have centered the investigation on Alizarin Violet 3R.

Alizarin Violet 3R is a synthetic dye which is characterized by a
high chemical/biological oxygen demand, suspended solids in some
cases and intense violet color [9]. These aspects make industrial
effluents of this dye highly toxic and extremely injurious to both
aquatic and land life forms. The difficulty to degrade or remove this
dye has been thoroughly reported previously [10] and it is mainly
caused by the five aromatic rings and the two sulfonated groups
that make this dye a persistent and carcinogenic agent.

The remediation of several pollution problems is a target of many
researchers nowadays. Technical ways of solving environmental
concerns and menaces such as the dumping of surfactants, dyes,
pharmaceuticals and other hazards are available long time ago, but
making them cheaper and sustainable is still a challenge. A pos-
sible source of low-cost materials that could provide a successful
solution are natural raw materials [11,12].

In this sense, we are researching on M. oleifera as a water treat-
ment agent for several years. As a tropical multi-purpose tree, M.

oleifera is very interesting from the point of view of developing
cooperation, as it is a widespread, easy-available water treatment
method. Using M. oleifera for water treating can imply two different
ways: (a) One concerning its usage as a primary source of activated
carbon [13,14] and (b) Another one through seed extraction, which
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roduct works as a coagulant/flocculant agent [15–17]. Last method
s rather more effective and accurate, and it replies better to its
pplication in developing countries. Its power lays on the fact that it
s not technologically difficult to operate by non-qualified personal,
t is easy to maintain and it presents not an external dependency of
eagents, as it would happen with other products (Al2(SO4)3, FeCl3,
tc.). Because of that reason, it has been recommended by the Food
nd Agricultural Organization (FAO) as a proper and advisable way
f treating water [18].

But M. oleifera presents not only this kind of advantages that
ake it interesting just for developing countries: as a natural

oagulant, it has not several disadvantages that are presented
n traditional coagulant and flocculant agents (that have not a
atural origin), as many health implications. This is the rea-
on it is important to keep on researching about Moringa’s
roperties.

On the other hand, we have worked on tannin-derived coag-
lants. Under tannins denomination there are lots of chemical

amilies. Tannins have been used traditionally for tanning animal
kins, but it is possible to find several products that are distributed
s flocculants. Tannins come from vegetal secondary metabolites
19]: bark, fruits, leaves, etc. Tannin-rich barks come from trees
uch as Acacia, Castanea or Schinopsis. However, it is not needed
o search for tropical species: Quercus ilex, suber or robur have also
annin-rich bark.

ACQUAPOL is a trademark that belongs to ACQUACHIMICA
Brazil). It is a tannin-based product, which is modified by a physico-
hemical process, and has a high flocculant power. It is obtained
rom Acacia mearnsii de Wild bark. This tree is very common in
razil and it has a high concentration of tannins. Production pro-
ess is under intellectual patent law, but similar procedures are
idely reported as Mannich base reaction [20–24]. Most of them

re patents, including the specific process for an industrial product
s ACQUAPOL C-1 (TANFLOC), which is reported [25]. The scien-
ific literature refers a reaction mechanism that involves a tannin

ixture, mainly polyphenol tannins whose structure may be sim-
lar to flavonoid structures such as resorcinol A and pyrogallol B
ings. ACQUAPOL is presented as powder (ACQUAPOL C-1) or liquid
ACQUAPOL S5T).

M. oleifera and ACQUAPOL C-1 are natural coagulant agents
mong others. There are rather interesting previous studies about
oagulant capacity or turbidity removal ability of natural-based
roducts [26,27]. Concretely, previous studies have reported that M.
leifera has as a very significative ability in removing azo dyes [28],
urfactants [29] or even heavy metals [30]. Tannin-derived coagu-
ants have also been tested previously in polluted water treatment
31]. Because of that, and due to the fact that all of these substances
t well in the considerations about sustainability and accuracy for
eveloping countries made before, it is needed to research on other
roperties of biological and organic natural raw materials.

First of all, we have tested different natural agents to remove
lizarin Violet 3R. We have tested M. oleifera and ACQUAPOL ability

or dye removal with several kinds of dye. Then, we have studied
he specific characterization of both coagulants by evaluating the
nfluence of several parameters.

. Materials and methods

.1. Buffered solution

All assays were done in a pH-stable medium. A pH 7-buffered

olution was prepared by mixing 1.2 g of NaH2PO4 and 0.885 g of
a2HPO4 in 1-L flask. Assays with different pH were carried out
y adjusting this buffered solution to the specific pH by using HCl
.5 M and NaOH 0.5 M. All reagents were supplied by PANREAC in
nalytical purity grade.
rdous Materials 170 (2009) 43–50

2.2. Natural coagulant products preparation

Apart from M. oleifera and ACQUAPOL C-1, five kinds of natural
coagulant products were tested in a preliminary screening. They
were prepared in the following ways:

• Cationic starch was supplied by CARGILL (USA). It is used as an
authorized alimentary supplement. It is presented as powder.

• Other modified tannin was supplied by TANAC, S.A. (Brazil). Its
name is TANFLOC and consists also of tannins from A. mearnsii
that have been modified chemically in order to introduce a quater-
nary nitrogen that confers TANFLOC its cationic character. Other
product with the same nature were supplied by SILVATEAM,
S.A. (Italy), in case of SILVAFLOC, and ACQUAQUIMICA SETA, S.A.
(Brazil) in case of ACQUAPOL S5T. Differences between SILVAFLOC,
ACQUAPOL C-1 and S5T and TANFLOC lay on tannin nature (A.
mearnsii for ACQUAPOL and TANFLOC and Quebracho for SILVAFLOC)
and on chemical modification, which is under patent law. TAN-
FLOC and ACQUAPOL C-1 are presented as powder, while SILVAFLOC
and ACQUAPOL S5T are presented as a dense, sticky solution.

• Chitosan was supplied by FLUKA.
• Aluminium sulphate Al2(SO4)3 · 18H2O was supplied by PANREAC.

2.3. Moringa oleifera seed extraction

Dry seeds were obtained from SETROPA, Holland. The extrac-
tion process was carried out in the following ways: shelled seeds
were reduced into powder by a domestic mill (Braun). A 1 M NaCl
(PANREAC) solution was prepared and 5 g of Moringa seed powder
were put into 100 mL of it (stock solution was so considered 5%,
w/w). The NaCl solution with powder was vigorously stirred at pH
7 and room temperature for 30 min time with magnetic agitation.
Then, the extract was filtered twice: once through commercial filter
paper on Büchner funnel and once again through a fine filtering mil-
lipore system (0.45 �m glass fiber). The result is a clear, milky-like
liquid.

Moringa stock solution prepared in this way was used the same
day it was produced, although there are references that point the
stability of the extract [32].

2.4. General dye removal assay

An Alizarin Violet 3R (SIGMA) 1000 mg L−1 solution was pre-
pared by adding 0.295 g in 250 mL. Different volumes of this initial
solution were put into 100 mL-flask, and certain quantities of coag-
ulant were added. Final volume was reached with distilled water.
30 rpm stirring was applied for 1 h (NAHITA 686/1 motor stirrer),
until equilibrium was achieved. Then, a sample was taken and it
was centrifuged. Photometric analysis was carried out in a 1-cm
glass cell. The maximum absorbance wavelength was 549 nm and
a linear relationship of absorbance versus dye concentration was
checked at this wavelength in the concentration range of this exper-
imental work. An HEL � IOS UV/VIS spectrophotometer was used
for photometric measures.

2.5. Removal of other dyes

Stock solutions of 1000 mg L−1 for each six dyes were prepared
(percentual dye content was considered). A screening of M. oleifera
extract and ACQUAPOL C-1 interaction with these products was done
by carrying out different assays: 5 mL of M. oleifera seed extract or

100 mg L−1 of ACQUAPOL C-1 and 10 mL of each dye solution into
a 100 mL-flask, and then it was filled to the mark. Then, a similar
treatment as described before (see Section 2.4) was carried out.
Photometric analysis was developed at appropriate wavelength for
each compound. These data are shown in Table 1.
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Table 1
Dyes main characteristics

Product Chemical formula Molecular
weight (g/mol)

Wave length
analysis (nm)

Color index
number

CAS number Dye content Supplier

Indigo Carmine C16H8N2Na2O8S4 466.36 612 73015 482-89-3 90% SIGMA
Chicago Sky Blue 6B C34H24N6Na4O16S4 992.8 618 24410 2610-05-1 85% SIGMA
Acid Red 88 C20H13N2NaO4S 400.4 505 15620 1658-56-6 75% ALDRICH
P 565 15711 5610-64-0 90% ALDRICH
A 549 61710 6408-63-5 90% ALDRICH
E 437 43820 3564-18-9 90% PANREAC
M 665 52015 61-73-4 99% PANREAC
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alatine Fast Black WAN C60H36N9Na3O21S3 · Cr2 1488
lizarin Violet 3R C28H20N2Na2O8S2 622.6
riochromecyanine R C23H15Na3O9S 536.4
ethylene Blue C16H18ClN3S · 3H2O 373.9

. Results and discussion

.1. Preliminary screening of dye removal

Several assays of Alizarin Violet 3R removal were carried out
ith different natural agents, as well as with alum. Most of these
ere based on polysaccharides (starch or chitosan) or proteins (veg-

tal extracts such as M. oleifera) and others were tannin-based
occulant agents (TANFLOC, SILVAFLOC and both ACQUAPOL). Some
revious research papers were found referring the ability of gums
nd vegetal proteins to remove dyes [33,34]. Dye removal by tannin-
ased coagulants is mentioned just in one previous work [28]. A
reliminary screening was needed to search for an efficient and
perative dye removal mechanism which would be comparable
ith alum coagulation efficiency [35].

The structure of Alizarin Violet 3R has five phenol rings, two
etone groups, two negative charged sulfonate groups and two
mine links between the extreme phenol rings. The long and aro-
atic organic chain and the sulfonate groups make Alizarin Violet

R a molecule which was expected to be removed by cationic
oagulant agents, such as M. oleifera seed extract or tannin-based
oagulants, as well as with synthetic and common coagulant prod-
cts (polyaluminium chloride or sulphate).

Fig. 1 shows dye removal percentages that have been carried
ut by using different agents. A standard dosage of 100 mg L−1 of
ye and 100 mg L−1 of coagulant agent was fixed and experiments
ere carried out at pH 7 at 20 ◦C. As Fig. 1 shows, every product

xhibits a slight removal activity, with ACQUAPOL products and M.
leifera seed extract showing the highest dye removal efficiency and
lum and cationic starch the lowest one. This result differs from the
ibliographic data, especially those data referred to by Blackburn
36], but it is clear that the dosages are rather different (100 ver-
us 10,000 mg L−1). With regard to tannin-based flocculants, it is

bserved that TANFLOC and SILVAFLOC work rather well, removing
ore than 50% of dye concentration.
In spite of its polysaccharide nature, chitosan presents a signi-

cative low dye removal activity (ca. 10%). Further studies must be
one with this product in order to improve this property.

Fig. 2. Preliminary screening
Fig. 1. Preliminary screening of Alizarin Violet 3R removal by several coagulant
agents.

Clearly, M. oleifera and ACQUAPOL family products are the coag-
ulant agents that present a high efficiency as dye removal products,
therefore this study is focused on their activity. Aluminium sulphate
was used to compare results from nature and synthetic coagulant
agents. Without pH adjustment and with the mentioned dosage
alum does not present a significant dye removal ability. Other
drawbacks and risks linked to aluminium usage as a primary coag-
ulant agent (environmental bioaccumulation, implications with
Alzheimer’s disease [37]) make this product not recommended for
this scope.

3.2. Removal of other dyes

In order to test the ability of both selected coagulant agents to

remove other dyes, several assays were performed on other six dyes
with different natures, structures and usages. The results of these
experiments are shown in Fig. 2. Bearing in mind their chemical
structures (supplementary data), some aspects of dye removal as a
result of the coagulation process can be discussed.

on several dye removal.
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Fig. 3. Kinetic evo

As a first approach, it is clear that the capacity of M. oleifera is
igher than ACQUAPOL C-1 in removing almost every type of dye.

ust in the case of Methylene Blue, although both products have
very low removing ability due to the cationic character of this

ye, ACQUAPOL C-1 has a slightly higher efficiency. Azo dyes are
asily removed by M. oleifera seed extract (Chicago Sky Blue 6B,
alatine Fast Black WAN and Acid Red 88), while Alizarin Violet 3R,
n anthraquinonic dye, is slightly less removable than azo dyes, but
lso near 100%. In the case of ACQUAPOL C-1, the removal of azo
yes and Alizarin Violet 3R is more graduated and has to do with
he amphoteric behavior of the tannin source. Eriochromecyanine
is the most persistent dye in the case of M. oleifera seed extract,
hile Indigo Carmine is the most difficult to remove in the case

f ACQUAPOL C-1. The reason of this behavior may has to do with
he non-linear structure of both Indigo Carmine and Eriochrome-
yanine R that may cause steric difficulties and the coagulation
rocess may prefer linear molecules rather than other space
istributions.

Bearing in mind previous papers [28], where azo dye removal
y M. oleifera has been thoroughly studied, we have focused our
nvestigation on Alizarin Violet 3R, as an example of anthraquinonic
ye.
.3. Kinetics of dye removal

As a first step in the research process, a kinetic study was
arried out for both coagulant agents. In the case of M. oleifera
eed extract, two different dosages (62 and 157 mg L−1) of seed

Fig. 4. General assay
on dye removal.

extracts were applied to a initial dye concentration of 100 mg L−1.
These assays were represented in the first graphic of Fig. 3. In the
case of ACQUAPOL C-1 a unique dosage of 100 mg L−1 of coagulant
was applied to two different initial dye concentrations of 25 and
100 mg L−1. This corresponds to the second graphic of the men-
tioned figure. As it is shown, in both cases the coagulation process
is very fast, with equilibrium dye concentration (i.e. that which
remains after the depletion of the corresponding coagulant agent)
being achieved in the first 5 min. This is probably because of com-
plex coagulation mechanisms that may involve a net-like structure
formation, which does not need a very long contact time. This gives
a great advantage comparing with other processes like sorption, in
which contact times seem to be longer.

According to these kinetic data, further experiments were car-
ried out for the duration of 1 h in total to guarantee the chemical
equilibrium was achieved.

3.4. Coagulant dosage

A series of experimental data were made to determine the coag-
ulant dosage influence on dye removal for each case. A fixed dose of
100 mg L−1 of dye was evaluated to be removed with different doses
of seed extract and ACQUAPOL C-1. These doses varied between

6.28 and 314.3 mg L−1 in the case of M. oleifera and between 1 and
600 mg L−1 in the case of the tannin coagulant. As can be seen in
Fig. 4, dye removal tends to be gradually higher while qc capacity
(see Section 3.8) tends to decrease. Almost 100% dye removal is eas-
ily reached with not so high coagulant doses, but effectiveness of M.

of dye removal.
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Fig. 5. Influence of

leifera seems to be significatively higher. Doses of ca. 100 mg L−1

chieves over than 80% of dye removal. For this same dye removal
oses of ca. 400 mg L−1 are needed in the case of ACQUAPOL C-1.

No flocculant additive or pH variation was used in these assays,
hus tested coagulants offer another advantage over inorganic tra-
itional coagulant agents such as alum [38](apart from its lack of
ffectiveness). No health or pollutant risks are observed because of
he natural origin of M. oleifera and because of the biodegradability
f ACQUAPOL C-1 that is properly indicated by SETA S.L.

It is also important to point out that most of the proposed pro-
esses for dyestuff wastewater treatment recommend a two-step
rocedure (adsorption and coagulation) either as just one step is
ot so effective in removing enough dye concentration or a large
mount of coagulant agent is needed [39].

.5. pH influence

Previous papers have shown that pH has an important role
n the coagulation process [40,41]. Because of this, several assays

ith different pH values have been carried out, varying the pH
etween 4 and 10, with an initial charge of dye of 100 mg L−1

nd with fixed doses of 62.86 mg L−1(M. oleifera seed extract) and
00 mg L−1 (ACQUAPOL C-1). No differences were observed in the
nalytical wavelength value for Alizarin detection at different pH
alues (supplementary data). Fig. 5 shows the experimental results
s a percentage of dye removal versus pH. As it is reported, increas-
ng pH values leads to a dramatic loss of efficiency in the case of
he tannin-based coagulant, while M. oleifera seed extracts under-
oes a very slight decreasing tendency. qc values also report the
ame behavior. pH seems to have different effects on the nature of
hese two coagulants: on one hand M. oleifera has proteinic, cationic
ature that may imply enhancement of the coagulant activity at low
H; on the other hand tannin-based coagulants are rather known
o be much affected by a pH increase that may lead to the denat-
ration of the chemical polyphenolic structure. Although this loss
f effectivity was acute, pH range must be observed to be wide and
his parameter can be easily fit into the operating values that are,
n every case, more flexible than those reported in other investi-
ations [42], where pH is more influential and changes along the
ssay.

.6. Temperature influence
During our investigation, it appeared that temperature did not
eem to be a very important factor in the coagulant process as
t is reported previously [43]. A series of assays were performed
o confirm this. Temperatures were varied between 20 and 40 ◦C,
el on dye removal.

with a pH level of 7 and a dye initial concentration of 100 mg L−1.
The results are shown in supplementary data. No significant vari-
ations in treatment efficiency were observed: a high dye removal
was achieved in all cases, not under 80% in the case of seed extract
and 35% in the case of ACQUAPOL C-1. This flexibility in working
temperature represents an advantage over other methods [7,44],
allowing the treatment of several kind of industrial effluent.

3.7. Initial dye concentration influence

A high efficiency in dye removal has been confirmed by all the
experiments carried out previously. However, it was considered
important to research on how significant initial dye concentration
was with reference to the percentage of dye removal in each case.

A series of experiments were carried out by varying only the ini-
tial dye concentration between 40 and 400 mg L−1 in the case of M.
oleifera seed extract and 25 and 150 mg L−1 in the case of ACQUAPOL
C-1. The difference in the operating range has to do with the dif-
ferent efficiency of each product. Fixed doses of 62.87 mg L−1 of
seed extract or 100 mg L−1 of tannin-based coagulant were used.
The percentage of dye removal and qc capacity are shown in Fig. 6.
Increasing the initial dye concentration leads to a loss of the per-
centage of dye removal, which is more acute in the case of M. oleifera
than in the case of the tannin-based coagulant. In spite of this dif-
ference, qc is rather more stable in the case of the seed extract than
in the case of ACQUAPOL C-1. This fact may be caused by the higher
efficiency of the M. oleifera seed extract, which allows a higher initial
dye concentration before coagulant agent tends to be exhausted.

3.8. Theoretical adsorption modeling

In order to characterize even more the coagulation phe-
nomenon, it is pretended to propose a theoretical model which
explains the dye removal by the action of these two products.
Coagulation and flocculation processes are rather difficult to model
mathematically, due to two main reasons: (a) the complex nature of
the phenomenon, which implies molecule physico-chemical inter-
action (van der Waals and hydrogen bridges forces) [45] and (b)
the fact that the intrinsic composition of the organic functional
groups that form the flocculant active principle in the both products
is not completely known. We have worked on the hypothesis that
dye removal by coagulation and flocculation process may involve

two stages. A first destabilization of colloids, that may be ruled by
chemical interactions between coagulant molecules (cationic, pos-
itive charged) and dye molecules (anionic, negative charged). Then,
when the complex coagulant–dye is formed, flocs begin to grow by
sorption mechanisms. This should be the controlling stage, so the
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Fig. 6. Influence of initial d

hole process can be simulated as an adsorption phenomenon. The
ossible coagulation mechanisms [46] and the fact that M. oleifera

s known to form bridges and netlike structures [47] adsorption and
oagulation processes may be considered in this theoretical model.
ther similar conjectures are made and applied previously with

imilar processes [48].
Firstly, adsorption capacity (qc) has been determined, defined

s:

c = (C0 − Cl) · V

W
(1)

here C0 is initial dye concentration, (mg L−1), Cl is equilibrium dye
oncentration in bulk solution (mg L−1), V is the volume of solution
L), and W is coagulant mass (g).

Two main adsorption models have been considered in the
resent work: Langmuir and Freundlich model. The first of them
ssumes that the molecules striking the surface have a given prob-

bility of adsorbing. Molecules already adsorbed similarly have
given probability of desorbing. At equilibrium, equal number

f molecules desorb and adsorb at any time. The probabili-
ies are related to the strength of the interaction between the
dsorbent surface and the adsorbate [49]. That is the physical

Fig. 7. Theoretical model of dye r
centration on dye removal.

meaning of Eq. (2):

qc = kl1
Cl

1 + kl2 · Cl
(2)

where kl1 is the first Langmuir adsorption constant (L [mg of
coagulant]−1) and kl2 is the second Langmuir adsorption constant
(L [mg of removed dye]−1).

Freundlich model was derived from empirical data [50] and
assumes that qc capacity is a power function of the equilibrium
dye concentration (Cl). That is what Eq. (3) express:

qc = kf · Cnf
l (3)

where nf is the Freundlich adsorption order (dimensionless) and kf

is the Freundlich adsorption constant ([Lnf ]· [mg of coagulant] · [mg
of removed dyenf −1]).

By combining data series of Sections 3.4, 3.5 and 3.7 it is possible
to look for a theoretical model that fits rather well to experimental

data. This is shown in Figs. 7 and 8. Both figures represent the experi-
mental data versus predicted ones (according to the two mentioned
models). As it can be appreciated, the curve fit is reasonably well
with the two proposed equations. However, linear expressions of
Freundlich and Langmuir models (supplementary data) gives a cri-

emoval by Moringa oleifera.



J. Beltrán-Heredia et al. / Journal of Hazardous Materials 170 (2009) 43–50 49

Fig. 8. Theoretical model of dye removal by ACQUAPOL C-1.

Table 2
Theoretical models parameters. Units in text.
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•
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•

Coagulant Langmuir data adj

Moringa oleifera seed extract kl1 = 1.71 × 10−1;
ACQUAPOL C-1 kl1 = 3.42 × 10−2;

erion to discriminate the adequacy of these data adjustments.
inear fitting graphics are included in Figs. 7 and 8.

The first considered case is the removal of Alizarin with M.
leifera seed extract. Through linearization method it is shown
hat Langmuir equation fits better to experimental data than Fre-
ndlich’s proposal, according to r2 values. These are equal to 0.99

n the case of Langmuir and 0.83 in the case of Freundlich.
Regarding the second case (ACQUAPOL C-1), the adequacy of

angmuir model is evident according to the low r2 value of Fre-
ndlich data adjustment, which is equal to 0.81. Instead, Langmuir
2 is equal to 0.98, similar than in the case of M. oleifera seed extract.
n Fig. 8 it can be seen the fact that Freundlich’s proposal goes far
rom experimental data in the last part of the curve. Saturation phe-
omenon in a monolayer sorption process is not considered by this
heoretical model.

The values of the different parameters involved in these two
odels in each case are referred in the table 2. It is observed that

hey are significatively higher in the case of M. oleifera dye removal,
ccording to the higher qc obtained by this coagulant agent.

. Conclusions

This investigation has revealed the following conclusions:

Among several natural products, M. oleifera and ACQUAPOL C-1
have been found to be highly effective in removing dye through
a coagulation process. In the studied case of Alizarin Violet 3R
removal, up to 95% and 80% dye removal is easily achieved by
seed extract or tannin-based coagulant, respectively.
M. oleifera and ACQUAPOL C-1 were fully effective with other kind

of dyes, such as azo dyes, not only anthraquinonic dyes.
As the pH level increases, efficiency of the process decreases,
almost certainly because of the cationic character of both coagu-
lant products and because, at acidic pH levels, hydrophobic links
are enhanced. The affection of the pH level is higher in the case
nt Freundlich data adjustment

.29 × 10−1 kf = 6.35 × 10−1; nf = 1.35 × 10−1

.88 × 10−2 kf = 1.15 × 10−1; nf = 3.18 × 10−1

of the tannin-based coagulant than in M. oleifera seed extract
protein.

• Temperature does not significantly affect the dye removal pro-
cess.

• The initial dye concentration affects negatively the percentage of
dye removal, although complete removal increases with a higher
initial dye concentration.

• Langmuir and Freundlich theoretical models have been tested and
the first of them results to be more accurate to the mechanism of
dye removal.

Acknowledgments

This investigation has been supported by the Programa de
Iniciación a la Investigación, Universidad de Extremadura, ori-
ented modality, BANCO SANTANDER subprogram. Authors thank
also to COMISIÓN INTERMINISTERIAL DE CIENCIA Y TECNOLOGÍA
(CICYT) CTQ 2007-60255/PPQ project as well as to JUNTA DE
EXTREMADURA under PRI-07A031 project.

Appendix A. Supplementary Data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2009.04.131.

References

[1] P. Sikka, Strategies for technology development in India, Technovation 11 (7)
(1991) 445–452.

[2] D. Brown, Effects of colorants in the aquatic environment, Ecotoxicology and
Environmental Safety 13 (2) (1987) 139–147.
[3] I.A.W. Tan, A.L. Ahmad, B.H. Hameed, Adsorption of basic dye on high-surface-
area activated carbon prepared from coconut husk: equilibrium, kinetic and
thermodynamic studies, Journal of Hazardous Materials 154 (1–3) (2008)
337–346.

[4] R. Sanghi, B. Bhattacharya, Review on decolorisation of aqueous dye solutions
by low cost adsorbents, Coloration Technology 118 (5) (2002) 256–269.

http://dx.doi.org/10.1016/j.jhazmat.2009.04.131


5 f Haza

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

0 J. Beltrán-Heredia et al. / Journal o

[5] S.K.A. Solmaz, A. Birgül, G.E. Üstün, T. Yonar, Colour and COD removal from
textile effluent by coagulation and advanced oxidation processes, Coloration
Technology 122 (2) (2006) 102–109.

[6] T. Yonar, G.K. Yonar, K. Kestioglu, N. Azbar, Decolorisation of textile effluent
using homogeneous photochemical oxidation processes, Coloration Technol-
ogy 121 (5) (2005) 258–264.

[7] K. Schliephake, D.E. Mainwaring, G.T. Lonergan, I.K. Jones, W.L. Baker, Trans-
formation and degradation of the disazo dye Chicago Sky Blue by a purified
laccase from Pycnoporus cinnabarinus, Enzyme and Microbial Technology 27
(1–2) (2000) 100–107.

[8] S. Papic, N. Koprivanac, A.L. Bozic, Removal of reactive dyes from
wastewater using Fe(III) coagulant, Coloration Technology 116 (11) (2000)
352–358.

[9] H. Zollinger, Colour Chemistry—Synthesis, Properties and Application of
Organic Dyes and Pigments, VCH Publishers, New York, 1987.

10] T. Robinson, G. McMullan, R. Marchant, P. Nigam, Remediation of dyes in textile
effluent: a critical review on current treatment technologies with a proposed
alternative, Bioresource Technology 77 (3) (2001) 247–255.

11] D. Mohan, K.P. Singh, V.K. Singh, Wastewater treatment using low cost acti-
vated carbons derived from agricultural byproducts—a case study, Journal of
Hazardous Materials 152 (3) (2008) 1045–1053.

12] A. Demirbas, Heavy metal adsorption onto agro-based waste materials: a
review, Journal of Hazardous Materials 157 (2–3) (2008) 220–229.

13] S.J.T. Pollard, F.E. Thompson, G.L. McConnachie, Microporous carbons from
Moringa oleifera husks for water purification in less developed countries, Water
Research 29 (1) (1995) 337–347.

14] A.M. Warhurst, G.L. McConnachie, S.J.T. Pollard, Characterisation and appli-
cations of activated carbon produced from Moringa oleifera seed husks by
single-step steam pyrolysis, Water Research 31 (4) (1997) 759–766.

15] A. Ndabigengesere, K.S. Narasiah, Use of Moringa oleifera seeds as a primary
coagulant in wastewater treatment, Environmental Technology 19 (8) (1998)
789–800.

16] T. Okuda, A.U. Baes, W. Nishijima, M. Okada, Improvement of extraction method
of coagulation active components from Moringa oleifera seed, Water Research
33 (15) (1999) 3373–3378.

17] G.L. McConnachie, G.K. Folkard, M.A. Mtawali, J.P. Sutherland, Field trials of
appropriate hydraulic flocculation processes, Water Research 33 (6) (1999)
1425–1434.

18] S.A. Jahn, H.A. Musnad, H. Burgstalle, The tree that purifies water: cul-
tivating multipurpose moringaceae in Sudan, UNASYLVA 38 (152) (1986)
23–28.

19] P. Schofield, D.M. Mbugua, A.N. Pell, Analysis of condensed tannins: a review,
Animal Feed Science and Technology 91 (1) (2001) 21–40.

20] D.G. Roux, D. Ferreira, H.L. Hundt, E. Malan, Structure, stereochemistry, and
reactivity of natural condensed tannins as basis for their extended industrial
application, Applied Polymer Symposium 1 (28) (1975) 335–353.

21] M. Tramontini, L. Angiolini, Mannich Bases, Chemistry and Uses, CRC Press, Boca
Raton, 1994.

22] J.E. Quamme, A.H. Kemp, Stable tannin based polymer compound, US patent
4,558,080 (1985).

23] P.E. Reed, M.R. Finck, Modified tannin mannich polymers, US patent 5,659,002
(1997).

24] G. Tondi, C.W. Oo, A. Pizzi, M.F. Thevenon, Metal absorption of tannin-based
rigid foams, Industrial Crops and Products 29 (2–3) (2009) 336–340.

25] L.H. Lamb, O.G. Decusati, Manufacturing process for quaternary ammonium
tannate, a vegetable coagulating and flocculating agent, US patent 6,478,986
B1 (2002).

26] S. Bratskaya, S. Schwarz, T. Liebert, T. Heinze, Starch derivatives of high degree of

functionalization: 10. Flocculation of kaolin dispersions, Colloids and Surfaces
A: Physicochemical and Engineering Aspects 254 (1–3) (2005) 75–80.

27] S. Pal, D. Mal, R.P. Singh, Cationic starch: an effective flocculating agent, Carbo-
hydrate Polymers 59 (4) (2005) 417–423.

28] J. Beltrán-Heredia, J. Sánchez-Martín, Azo dye removal by Moringa oleifera seed
extract coagulation, Coloration Technology 124 (5) (2008) 310–317.

[

[

rdous Materials 170 (2009) 43–50

29] J. Beltrán-Heredia, J. Sánchez-Martín, Removal of sodium lauryl sulphate by
coagulation/flocculation with Moringa oleifera seed extract, Journal of Haz-
ardous Materials 164 (2–3) (2009) 713–719.

30] J. Beltrán-Heredia, J. Sánchez-Martín, Heavy metals removal from surface water
with Moringa oleifera seed extract as flocculant agent, Fresenius Environmental
Bulletin 17 (12a) (2008) 2134–2140.

31] J. Beltrán-Heredia, J. Sánchez-Martín, Removing heavy metals from polluted
surface water with a tannin-based flocculant agent, Journal of Hazardous Mate-
rials 165 (1–3) (2009) 1215–1218.

32] S. Katayon, M.M. Noor, M. Asma, L.A. Abdul Ghani, A.M. Thamer, I. Azni, J.
Ahmad, B.C. Khor, A.M. Suleyman, Effects of storage conditions of Moringa
oleifera seeds on its performance in coagulation, Bioresource Technology 97
(3) (2006) 1455–1460.

33] R. Sanghi, B. Bhattacharya, V. Singh, Seed gum polysaccharides and their grafted
co-polymers for the effective coagulation of textile dye solutions, Reactive and
Functional Polymers 67 (6) (2007) 495–502.

34] R. Sanghi, B. Bhattacharya, A. Dixit, V. Singh, Ipomoea dasysperma seed gum:
an effective natural coagulant for the decolorization of textile dye solutions,
Journal of Environmental Management 81 (1) (2006) 36–41.

35] D.-J. Joo, W.-S. Shin, J.-H. Choi, S.-J. Choi, M.-C. Kim, M.-H. Han, T.-W. Ha, Y.-H.
Kim, Decolorization of reactive dyes using inorganic coagulants and synthetic
polymer, Dyes and Pigments 73 (1) (2007) 59–64.

36] R.S. Blackburn, Natural polysaccharides and their interactions with dye
molecules: applications in effluent treatment, Environmental Science Technol-
ogy 38 (18) (2004) 4905–4909.

37] P. Flaten, Aluminium as a risk factor in Alzheimer’s disease, with emphasis in
drinking water, Brain Research Bulletin 55 (2) (2001) 187–196.

38] V. Golob, A. Vinder, A. Simonic, Efficiency of the coagulation/flocculation
method for the treatment of dyebath effluents, Dyes and Pigments 67 (2) (2005)
93–97.

39] J.-W. Lee, S.-P. Choi, R. Thiruvenkatachari, W.-G. Shim, H. Moon, Evalua-
tion of the performance of adsorption and coagulation processes for the
maximum removal of reactive dyes, Dyes and Pigments 69 (3) (2006)
196–203.

40] W. Chu, Dye removal from textile dye wastewater using recycled alum sludge,
Water Research 35 (13) (2001) 3147–3152.

[41] B. Shi, G. Li, D. Wang, C. Feng, H. Tang, Removal of direct dyes by coagulation: the
performance of preformed polymeric aluminum species, Journal of Hazardous
Materials 143 (1–2) (2007) 567–574.

42] T.-H. Kim, C. Park, E.-B. Shin, S. Kim, Decolorization of disperse and reactive dye
solutions using ferric chloride, Desalination 161 (1) (2004) 49–58.

43] B.-Y. Gao, Q.-Y. Yue, Y. Wang, Coagulation performance of polyaluminum silicate
chloride (pasic) for water and wastewater treatment, Separation and Purifica-
tion Technology 56 (2) (2007) 225–230.

44] S.V. Mohan, N. Chandrasekhar, K. Prasad, J. Karthikeyan, Treatment of simu-
lated Reactive Yellow 22 (azo) dye effluents using spirogyra species, Waste
Management 22 (6) (2002) 575–582.

45] K.J. Wilkinson, J.C.J.C. Negre, J. Buffle, Coagulation of colloidal material in surface
waters: the role of natural organic matter, Journal of Contaminant Hydrology
26 (1–4) (1997) 229–243.

46] Z. Dymaczewski, E.S. Kempa, M.M. Sozanski, Coagulation as a structure form-
ing separation process in water and wastewater treatment, Water Science and
Technology 36 (4) (1997) 25–32.

47] T. Okuda, A.U. Baes, W. Nishijima, M. Okada, Coagulation mechanism of salt
solution-extracted active component in Moringa oleifera seeds, Water Research
35 (3) (2001) 830–834.

48] S.M. Miller, E.J. Fugate, V.O. Craver, J.A. Smith, J.B. Zimmerman, Towards under-
standing the efficacy and mechanism of Opuntia spp. as a natural coagulant for

potential application in water treatment, Environmental Science Technology
42 (12) (2008) 4274–4279.

49] I. Langmuir, The constitution and fundamental properties of solids and liquids.
Part I. Solids, Journal of American Chemical Society 38 (1916) 2221–2295.

50] H. Freundlich, W. Heller, The adsorption of cis- and trans-azobenzene, Journal
of the American Chemical Society 61 (8) (1939) 2228–2230.


	Removal of Alizarin Violet 3R (anthraquinonic dye) from aqueous solutions by natural coagulants
	Introduction
	Materials and methods
	Buffered solution
	Natural coagulant products preparation
	Moringa oleifera seed extraction
	General dye removal assay
	Removal of other dyes

	Results and discussion
	Preliminary screening of dye removal
	Removal of other dyes
	Kinetics of dye removal
	Coagulant dosage
	pH influence
	Temperature influence
	Initial dye concentration influence
	Theoretical adsorption modeling

	Conclusions
	Acknowledgments
	Supplementary Data
	References


