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a b s t r a c t

Iron nanoparticles can be incorporated on the structure of natural clays to obtain magnetic clays, an
adsorbent that be easily removed from a wastewater by magnetic means. Magnetic clays have high
adsorption capacities of different contaminants such as heavy metals, fungicides, aromatic compounds
and colorants and show rapid adsorption kinetics, but crucial data for achieving its full or pilot scale
application is still lacking. In this work, magnetic bentonites with different amounts of magnetite (iron
fractions on the clay of 0.55, 0.6 and 0.6) were used to remove color from a real textile wastewater. On a
first stage the optimal conditions for the adsorption of the dye, including pH, temperature and clay
dosage were determined. Also design parameters for the separation process such as residence time,
distance frommagnet to magnetic clay and magnet strength were obtained. Finally a pilot scale magnetic
drum separator was constructed and tested. A removal of 60% of the dye from a wastewater that con-
tained more than 250 ppm of azo dye was achieved with only 10min of residence time inside the
separator.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The release of chemical dyes and other hazardous chemicals by
the textile industry poses serious and immediate threats to both
ecosystems and human health (Greenpeace International, 2011).
The textile industry produces large volumes of wastewater from
different steps in the dyeing and finishing processes. Textile
wastewater is often rich in color, contains residues of reactive dyes
and chemicals and has high chemical and biological oxygen de-
mands (COD and BOD) as well as several recalcitrant compounds
(Verma et al., 2012; Lin and Chen, 1997).

Due to the complexity of the textile industry wastewater, the
treatment process often includes several steps mainly focused on
the reduction of BOD and COD and the discoloration of the waste.
Many processes have been adapted to treat the wastewater pro-
duced by the textile dyeing process, including biological treatment
(S. Bonanni).
(Sarayu and Sandhya, 2012), adsorption (Yagub et al., 2014), coag-
ulation and flocculation (Verma et al., 2012) advanced oxidation
techniques (Abo-Farha, 2010; Akpan and Hameed, 2010; Kumar
and Rao, 2017), membrane filtration (Ciardell et al., 2001) and a
combination of these processes.

Adsorption is widely used on the removal of chemical contam-
inants fromwaters due to its flexibility and simplicity. Currentwork
is focused on the search of cost effective adsorbents, with those
derived from natural materials being particularly attractive (Yagub
et al., 2014; Ali et al., 2012; Babel and Kurniawan, 2003). In recent
years, there has been an increasing interest in the use of raw clay
materials (kaolinite, diatomite, bentonite and Fuller's earth) as
adsorbents of different inorganic and organic contaminants,
including heavy metals (Babel and Kurniawan, 2003), amino acids
(Fushan et al., 1997), phenols and chlorophenols (Lee et al., 1997;
Lawrence et al., 1998) and chemical dyes (Abo-Farha, 2010).

Clays have a layered structure with exchangeable ions on its
structure and act as natural scavenger of charged molecules
through ion exchange and adsorption. They also possess large
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surface areas ranging up to 800 m2g �1 (Ali et al., 2012), and high
removal efficiencies have been demonstrated for different con-
taminants (Yagub et al., 2014). They can be applied on fixed or
fluidized bed columns, systems that show bed saturation, frequent
replacement of the adsorbent (or the need for adsorbent regener-
ation) and high pressure drops as main drawbacks. Due to its
micrometric size, clay particles require large times to settle and are
not suitable either for separation by sedimentation (Akther et al.,
2008; Roussy et al., 2005). Thus, structural and chemical modifi-
cations of natural clays are being studied aiming at lowering the
settling time of this adsorbent and its flocculation capability
(Roussy et al., 2005; Divakaran and Sivasankara, 2001; Chatterjee
et al., 2009) One of the most promising modifications of natural
clays is the addition of magnetic iron oxides nanoparticles (Oliveira
et al., 2003).With this modification, the adsorption features of clays
and the magnetic properties of iron oxides are combined to pro-
duce magnetic clays, an adsorbent that can be easily removed from
the medium by magnetic separation (Ambashta and Sillanpaa,
2010).

As recently reviewed (Chen et al., 2016), magnetic clays have
been tested at lab scale on the adsorption of several contaminants
including heavy metals (Oliveira et al., Giakisikli and Anthemidis,
2013), herbicides (Liu et al., 2014), pesticides (Ouali et al., 2015)
aromatic compounds, humic acids (Peng et al., 2006) and crude oil
(Hsu et al., 2010), among others. The removal of colorants such as
methylene blue (Chang et al., 2016; Cottet et al., 2014; Tireli et al.,
2014) and solutions of organic dyes such as methyl orange (Yu

and Yang, 2010), acid red (Hashemian, 2015) and acid blue (€Ozcan
et al., 2005) has been also analyzed. Experimental conditions that
maximize the adsorption of the contaminants (clay dosage, contact
time, pH, and temperature) have been determined, kinetic pa-
rameters have been calculated for different combinations of con-
taminants and adsorbents and the regeneration of modified clays
for its reuse after the adsorption was investigated (Lou et al., 2017;
Jiang et al., 2018). Despite all this progress, research is still on a
laboratory scale and crucial data for achieving full or pilot scale
application of magnetizable clays on wastewater treatment is
lacking.

In this work, useful parameters for the design of a magnetic
separation process of the magnetic clay from the wastewater were
obtained. The optimal pH and clay dosage for the removal of color
were determined. The effect of the magnetite content of the clay on
the separation time were experimentally and analytically analyzed.
The magnetic properties of the clays were determined and the time
required to separate the clay particles by magnetic means was
compared with that of gravity separation, for different particles
sizes and magnet geometries. Also magnetic force profiles were
estimated and the maximum allowable distance between the array
of magnets and the clay particles for achieving efficient separation
was analytically estimated. Finally, with the obtained results a
pilot-scale magnetic drum separator was designed and preliminary
tested for the treatment of a real textile wastewater.
2. Experimental

2.1. Wastewater characteristics

Real textile wastewater was collected from local dyeing in-
dustry, stored at 5 �C and used upon one week after collection.
Wastewater contained Direct Black 22 (chemical structure shown
on Fig. S1 of the electronic supporting material, ESM), sodium
chloride, and sodium carbonate and had a pH of 8.5. The amount of
dye on the wastewater was determined by measuring its absor-
bance at 480 nm and using a calibration curve performed with
aqueous Direct black solutions of known concentration.

2.2. Bentonite characterization and modification with iron oxides

Bentonite used in this work had a cation exchange capacity of
1.05 meq/g and was supplied by Minarmco S.A (Argentina). Iron
oxide nanoparticles were obtained by mixing solutions of ferric
chloride in water (20% m/V) and ferric sulfate in hydrochloric acid
(0.6% m/V) and adding to the mixture 13% v/v of a solution con-
taining 25% ammoniumhydroxide. Final solutionwas slowly stirred
for 10min. Bentonite was swelled in distilled water at room tem-
perature. Different quantities of nanoparticles solution were added
(3ml, 6ml and 12ml of magnetite solution per gram of clay for
bentonites I, II and III respectively). The mixture was stirred for 2 h
and then centrifuged. The precipitated solid was dried at 90 �C for
24 h, milled and sieved. Images of sieved clay particles were1 ac-
quired with for measuring particle size (Fig. S2 on ESM). X-ray
diffraction patterns of the raw clay and the modified clay were
obtained to verify the presence of magnetite on the structure of the
modified clay (Fig. S2). X-ray fluorescence was used to determine
the fractions of chemical elements (higher than sodium) on each of
the modified clays. Iron fraction on raw bentonite was 0.427,
whereas for Bentonites I, II and III was 0.559, 0.604 and 0.652, due
to the different magnetite contents of each clay. The complete
composition of the bentonites is shown on ESM. The density of the
clay was determined by compressing the powder with a hydraulic
press obtaining 1 cm3 samples that were weighed on an analytical
balance. Density of the clays did not vary with the amount of
magnetite added on the modification. Obtained density value was
2150 kgm�3 ± 160 kgm�3. Magnetization (M) vs field (H) curves
were performed to magnetic clays in a VSM magnetometer Lake-
Shore 7004 at room temperature (Fig. S4 on ESM). Samples weight
was around 100mg. Specific saturation magnetization of 5.8, 8.5
and 17 Am2/Kg were found for bentonites BI, BII and BIII
respectively.

2.3. Wastewater discoloration assays

Batch assays were performed at different pH and clay dosages.
The solution pH affects the adsorption of contaminants on the clay,
since it alters the ionization of the dye molecule and the surface
properties of the adsorbent (Yagub et al., 2014; €Ozcan et al., 2005;
Ramakrishna and Viraraghavan, 1997). The pH was varied between
3 (the pH for magnetite dissolution) and 8.5 (raw wastewater pH)
by addition of H2SO4 and NaOH solutions. Dosage of modified
bentonite (BIII) on the samples was varied between 5 and 30 g per
liter at different pHs. Wastewater samples with modified pH were
transfer to a glass beaker and clay was added under constant
agitation. A paddle stirrer was used, as stir bars would have
attracted the magnetic adsorbent. After 10min a sample of the
liquid was taken and centrifuged for 5min at 10,000 rpm. The
fraction of dye removed from wastewater was determined by
measuring samples absorbance at 480 nm (Durruty et al., 2015).
Initial concentration of dye on the wastewater was 460 ppm.
Temperature was kept constant at 25 �C during adsorption assays.

2.4. Settling tests

Settling time of the particles was evaluated with and without
application of magnetic field on the sample. When the claywith the
adsorbed dye settles, the wastewater is progressively discolored.
Thus, absorbance of the wastewater can be used as an indicator of
the progress of the settling process. The evolution of the absor-
bance of a sample containing wastewater and modified clay was
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measured at a distance of 1.5 cm from the bottom of a recipient
using a Hach DR890 portable colorimeter. The experimental setup
and the relevant distances are shown on Fig. S5 on the ESM.

2.5. Calculation of forces acting on the magnetic particle during
magnetic separation

When a magnetic clay particle is moving in a fluid towards a
magnet, there are several forces acting on the particle, such as
magnetic force, fluidic drag, particle/fluid interactions, buoyancy,
thermal kinetics (brownian motion), gravity, and inter-particle in-
teractions (magnetic dipole interactions) (Furlani and Ng, 2006).
Due to the low particle concentration in the suspension, inter-
particle effects and particle-fluid interactions were neglected.
Brownian motion was neglected as the mean diameter of the par-
ticles was above its critical diameter (0.5 mm) (Gerber et al., 1983).
Magnetic force on amagnetic clay particle produced by a cylindrical
magnet was obtained by the effective dipole moment method
(Jones, 1995) in which a magnetic particle is replaced by an
equivalent point dipole (Furlani and Ng, 2008; Furlani, 2001).

In presence of the mentioned forces, the magnetic clays are
accelerated until a limit velocity vlim that equilibrates drag with the
other forces acting on the particle is achieved (Bird, 2002). Tran-
sitory process for achieving the limit velocity were neglected and it
was assumed that the particle was always moving at its limit ve-
locity (see ESM for justification). However, due to the existence of a
non-uniform magnetic gradient the limiting velocity depends on
the position of the particle. In this case, to calculate position vs time
for a single particle the elementary numeric Euler's method
(Weisstein, Euler Forward Method on http://mathworld.wolfram.
com/EulerForwardMethod.html), was used to solve the particle
movement equation (see ESM).

2.6. Pilot scale magnetic separator

A pilot scale magnetic drum separator, was constructed and
tested for the treatment of the textile wastewater. The operation
diagram of the separator on an image of its operation can be found
on the ESM. The separator consisted on a rotating drum with an
external diameter of 0.2m and a depth of 0.125m, with an array of
50 neodymium magnets of 50� 20� 5 mm on its inner side. The
drumwas supported on a cylindrical plastic container by a metallic
shaft. The distance between the bottom of the drum and the plastic
container was 0.025m. The net volume inside the separator was
0.82 L.

A wastewater with 250 ppm of dye was acidified to pH 3 and
10 g per liter of Bentonite III were added. After 10min of continuous
agitation, thewastewater was fed from a tank to the separator by an
aquarium pump at a flowrate of 0.08 L per minute resulting in a
residence time of approximately 10min inside the separator. The
drum was rotated at 2 rpm. The clay was separated from the drum
with a plastic blade and recovered in a plastic container. Samples of
the wastewater were taken before adding the clay (raw waste-
water) and at the outlet of the magnetic separator. A sample of the
outlet was centrifuged for 10min at 5000 rpm to analyze the
presence of unrecovered clay on the effluent. The concentration of
dye on the samples was determined by measuring the absorbance
at 480 nm and the use of a standard curve performed with known
concentrations of Direct black dye.

3. Results and discussion

3.1. Adsorption of dye at different pHs and clay dosages

The effect pH and clay dosage on the dye removal was analyzed.
In Fig. 1, fraction of dye removed from the wastewater at different
experimental conditions is shown.

Bentonite is characterized by a three layer structure of two sil-
icate layers enveloping an aluminate layer with an excess negative
charge on the lattice that promotes the adsorption of positive
charges (Ramakrishna and Viraraghavan, 1997). The adsorption of
anionic dyes, such as direct black, is improved by lowering the pH
as the protonation of amino groups increases the positive charge of

the dye (€Ozcan et al., €Ozcan et al., 2005; Ramakrishna and Virar-
aghavan, 1997). As expected, the fraction of dye removed from the
wastewater increases with decreasing pH.More than 80% of the dye
is removed at pH 3 with a dosage of 10e30 g per liter of bentonite,
in accordance with the removals of other dyes obtained with the
same adsorbent (Chen et al., 2016). Interestingly, high fractions of
dye are also removed at pH 5 with the highest bentonite dosage
(30 g per liter).

Adsorption capacity of bentonite at different pHs, calculated
from the variation on the concentration of dye on each condition,
can be seen on Fig. 1C. Maximum adsorption per unit mass of
bentonite is obtained at pH 3 with approximately 70mg of dye
absorbed per gram of bentonite with a dosage of 5 g per liter. This
capacity is in the order of those reported for other dyes treatedwith
clays and also for other sorbents used in dye removal (Yagub et al.,
2014).

Direct dyes are applied at temperatures ranging from 70 to 90 �C
(Ghaly et al., 2014) and wastewater is discharged at moderate
temperatures. For determining if operating close to the discharge
temperature would be beneficial for the adsorption process, the
removal efficiency of the dye at 40 and 60 �C were determined.

Adsorption assays with 20 g l�1 of modified clay at pH 3 were
repeated at 40 and 60 �C and removal efficiencies were 82.5± 0.4
and 86 ± 2.3% respectively (Fig. S12). Removal efficiency was
negatively affected by an increase wastewater temperature as these
values are lower than the removal efficiency obtained at ambient
temperature (close to 90%). The negative effect of the increase in
the temperature may be due to the exothermic nature of the
adsorption process of azo dyes on bentonite (Toor and Jin, 2012).
Adsorption isotherms, as well as complementary thermodynamic
and kinetic analysis of the interaction between clays (raw and
modified) and different dyes are beyond the aim of this work
widely available on the bibliography (Kausar et al., 2018; Toor and
Jin, 2012; Yagub et al., 2014).

From both an economical and operational point of view is
crucial to minimize the amount of adsorbent needed on the pro-
cess. Thus, according to results shown in Fig. 1, wastewater should
be acidified prior to its treatment. Nevertheless, as a simplification
of the treatment process is also desirable, with minimum or any
modifications to the raw wastewater, an alternative approach may
be to apply high clay dosages at neutral pH. A deeper analysis
including economical and operational aspects has to be performed
in order to identify the best option.

In order to reduce the operational costs of the treatment pro-
cess, the magnetic adsorbent can be regenerated for its reuse (Lou
et al., 2017; Jiang et al., 2018). Still a cheap regeneration process has
to be identified for applying this approach at large scale. An alter-
native may be the utilization of the magnetic adsorbent on other
applications such as the preparation of burnt bricks or other clay
materials.
3.2. Settling of modified bentonites with and without magnetic field

Sedimentation is a simple solid-liquid separation process where
the solid to be separated is allowed to settle and afterwards
collected on the bottom of the tank (Edzwald, 2010). The time
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Fig. 1. A) Bentonite III dosage and pH effect on removal of dye fromwastewater. Temperature was fixed at 25 �C and contact time between clay and wastewater was 10min. B) Set of
wastewater samples after treatment on conditions shown in A). C) Dye absorbed on the clay for different clay dosages at pH 3 (-), 5 (B), 6.5 (C) and 8.5 (,).

Fig. 2. Wastewater absorbance variation with time, at pH 3 for bentonite samples
modified with 3ml (BI), 6ml (BII) and 12ml (BIII) of magnetite solution per gram of
clay. No magnet represents the average taken from BII and BIII measurements without
applying a magnetic field.
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required for a particle to settle to the bottom of the sedimentation
tank depends on the distance the particle has to travel as well as on
the particle size. Clay particles are very small and its separation on
sedimentation tanks would not be practical as they would require
several hours to settle. For that reason the adsorption of contami-
nants on clays is usually performed on fixed bed columns that
support the clay particles and through which wastewater is circu-
lated (Auta and Hameed, 2014; Beall, 2003).

The objective behind the modification of the clays with mag-
netic particles is to lower the separation times required on tradi-
tional (sedimentation) separation. In this section, the reduction on
the settling time will be quantified, for bentonites with different
amount of magnetite on its structure.

Evolution of wastewater absorbance of a wastewater sample
with modified bentonite with and without the application of a
magnetic field was analyzed in order to evaluate to which extent
the magnetic force accelerates the settling process of the modified
clay (details on the experimental setup are found on Materials and
Methods and ESM). Three types of bentonite, modified with
different amounts of magnetite were used (3ml, 6ml and 12ml of
magnetite solution per gram of clay, called bentonites BI, BII and
BIII, respectively). Themagnetization of the clays increases with the
amount of magnetite on the clay structure (Oliveira et al.) (Fig. S4).
Thus bentonites with higher content of magnetite are expected to
show a lower settling time.

When no magnetic field was applied only a small fraction of the
clay (less than 10%) covered the distance to the sensor (1 cm) after
40min (Fig. 2). With the application of a magnetic force the settling
time is clearly reduced, with the final absorbance being achieved at
about 15min when using the bentonites of higher content of
magnetite (Bentonite III). Also a clear variation between the settling
times of the different bentonites was observed. The time required
for half of the particles to reach the sensor was 2min for Bentonite
III, 2.8min for Bentonite II and 13min for Bentonite I. Although
increasing modification costs of the raw material, increasing the
amount of magnetite on the bentonite may be thus an interesting
option in order to reduce the treatment time and consequently the
volume required for the separation process.

3.3. Determination of design parameters for effective magnetic clay
separation

The maximum distance through where a magnet can attract a
magnetizable clay, the value of the magnetic force provided by
magnet geometry, and its comparison with gravity force, and the
time required for the separation to take place on the desired ge-
ometry must be determined for designing the magnetic separation
process.

The magnetic force distribution, and velocity profiles during
magnetic separation were calculated following the approach
detailed in ESM. The calculation method was validated by fitting
the light-absorption vs time experimental results shown on the
previous section. Simulation was qualitatively in good agreement
with experimental results and particularly accurate for cases with
more contents of magnetic nanoparticles (Bentonites II and III).
Details about the simulation and experimental data fitting are
given on the supplementary material.

While settling a bentonite particle of 6 mm diameter has limit
velocity (see equation s(6) on ESM) of 0.08m h�1, thus requiring
almost 40min to cover a little distance of 0.05m. When a magnetic
field is applied, the settling time is reduced. In order to determine
maximum allowable distance between the magnet and the
bentonite particles on the separation process and the improvement
on the settling time introduced by the presence of a magnetic field,
the magnetic force acting on magnetic bentonite particles with
different amount of magnetite and the velocity and distance
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profiles were calculated.
A simple geometry consisting on a neodymium permanent

magnet of cylindrical shape, 0.05m diameter and 0.01m height
(residual magnetization Br 1.3 T) and a modified clay particle sit-
uated along the axis of the magnet was considered. For any other
geometry, magnetic field intensity and gradient can be calculated
following the approach described on materials and methods. The
magnetic field decreases as the distance to the magnet increases
(Furlani and Ng, 2006). For the mentioned geometry, it becomes
negligible at distance higher than 0.05m. Consequently, no mag-
netic force is exerted at such distance and the velocity of the
modified clay particles (BI, BII and BIII) is almost equal to the one of
the non-modified clay (no magnetite) (Fig. 3).

The magnetic force shows a maximum, and so does the velocity
of the particles, at a distance of about 0.9 cm from the magnet. For
bentonite BIII maximum magnetic force is about 28 times the sum
of gravity and buoyancy forces (see Fig. S7). For bentonites BI and
BII (with lower amount of magnetite), magnetic force is smaller, but
still between 7 and 12 times higher than the gravity and buoyancy
forces. As a consequence, settling velocities show a maximum of
about 0.7, 1.2 and 2.25mh�1 for bentonites BI, BII and BIII respec-
tively (Fig. 3A). At distances between clay modified particles and
magnet bigger than 0.05m magnetic force has almost the same
value of the sum of gravity and buoyancy forces and magnetic clay
particles have approximately the same velocity as non-magnetic
ones (0.06m h�1).

As mentioned above, for the considered geometry magnetic
force is appreciable only at distances smaller than 0.05m. Consid-
ering bigger initial distance from the magnet to the clay of 0.11m,
(from which the non-magnetic bentonite would take 4900 s to
settle), the calculated settling time for bentonites I, II and III is 3200,
2950 and 2550 s, representing a reduction of only 35, 39 and 48%.
On the other hand, when the initial distance is reduced to 0.02m
the settling time is reduced from 880 s for a non-magnetic
bentonite to 114, 74 and 38 s for bentonites I, II and III, which
represents a reduction of 87% for bentonite I, 92% for bentonite II
and 96% for bentonite III. Distances profiles and percentages of
reduction in settling time for other initial distances are shown in
ESM.

Other important parameter on the design of the magnetic sep-
aration device is the intensity of the magnetic field (and its
gradient) which can be varied by changing permanent magnet di-
mensions or the intensity of the current (and/or number of turns of
the coil) in the case of an electromagnet. Increasing magnetic force
Fig. 3. A) Velocity variation with the distance to the magnet for 6 mm diameter particles an
Relation between distance and time for the same system described in A), and an initial dis
allows the attraction of magnetic particles at larger distances,
reducing separation time, but at the expense of increasing the cost
of the separation equipment. An analysis of the influence of the
dimensions of the magnet on the separation process can be found
in the ESM.

3.4. Preliminary test of a pilot scale magnetic drum separator

The magnetic drum separators are the most frequently used
equipment for wet low-intensity magnetic separation and are
applied on the concentration of strongly magnetic ores, such as
magnetite (Svoboda and Fujita, 2003). A peak magnetic field of
1.9 T, with very high gradient, can be generated on the surface of
the drum by using permanent magnets made of rare earth com-
pounds, such as neodymium (Oberteuffer, 1974).

The data acquired on the experimental work and calculations
was used to design a pilot scale magnetic drum separator for the
separation of magnetizable clay from the textile wastewater. The
separator consisted on cylindrical plastic container and a plastic
rotating drumwith an array of neodymium permanent magnets on
its inner side. The wastewater was continuously pumped to the
separator and collected on the outlet. A preliminary testing of this
equipment was performed for the separation of the magnetizable
clay from the textile wastewater. Operating conditions are detailed
on materials and methods and a diagram of the magnetic separator
can be found on the ESM.

Samples at the inlet and outlet of the separator were analyzed to
determine the concentration of dye. Also a sample from the outlet
of the separator was centrifuged to check for unrecovered clay on
the effluent. The dye concentration of this samples can be seen on
Fig. 4.

With the magnetic drum separator it was possible to remove
62% of the dye content, achieving 92 ppm at the outlet with a
residence time of 10min on the separator. In the previous sections
it was shown that a removal of more than 80% of the color can be
achievedwith the conditions used on themagnetic separator (pH 3,
10 g l�1 of clay, Fig. 1). This removal was obtained only after the
centrifugation of the sample. The lower treatment efficiency on the
separator can be explained by the presence of unrecovered clay at
the outlet, which was observed on the centrifuged sample.

A higher residence time or the recirculation of the effluent to the
inlet may thus increase the treatment efficiency of the separator.
The effect of the rotating speed of the drum and the distance be-
tween the drum and the base of the separator should be analyzed in
d Bentonites I, II and III (BI, BII and BIII) and no magnetic bentonite (no magnetite). B)
tance to the magnet of 0.05m.



Fig. 4. a) Dye concentration of raw wastewater, at the outlet of the pilot scale magnetic separator and on a centrifuged sample from the outlet of the separator. Inlet wastewater pH
was 3 and bentonite dosage was 10 g l�1. A flowrate of 0.08 lmin�1 was fed to the separator, resulting in a residence time of 10min. The drum was rotated at 2 rpm. An operation
diagram of the magnetic drum can be found on the ESM. Inset: samples of raw wastewater (left), separator outlet (center) and centrifuged separator outlet (right).
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order tomaximize the treatment efficiency. Despite this, the results
show that magnetizable clays may be successfully applied on
magnetic drums for the treatment of textile wastewater.
4. Conclusions

Magnetizable clays represent an interesting option for textile
wastewater treatment. It was shown that real wastewaters colored
with complex chemicals such as azo-dyes can be treated with
relatively low dosages of clay. The pH of the wastewater is a key
parameter on the adsorption process; with higher adsorptions
obtained al lower pHs. Economical and life cycle analyses have to be
performed for determining if either the acidification of the waste-
water for reducing the required adsorbent dosage or, alternatively,
the use of higher amounts of adsorbent at raw pH is the best
strategy for a real scale treatment. Besides its great adsorption ca-
pacity, the main advantage of the magnetizable clays relies on the
simplicity of the separation of the adsorbent by magnetic means.
The challenge for its application at large scale resides on the design
of the separation process. It was shown on this work that when
using commercially available permanent magnets, magnetic forces
acting on the clay particles are higher than competing forces only at
distances of a few centimeters from the magnet. For that reason,
efficient separation will be only obtained for processes with short
distances between the magnets and the clay particles during the
separation. It was also shown that increasing the amount of
magnetite on the bentonite particles reduces the separation time of
the adsorbent. It is clear that in any process aimed at separating the
magnetic particles from the wastewater the distance between the
magnets and the clay should be limited to the centimeter scale,
where great reduction on the separation time (almost 90%) can be
achieved.

Magnetic drum separators can offer minimal distances between
the magnets and the wastewater. A preliminary test of a pilot-scale
magnetic separator shown that magnetizable clays can be suc-
cessfully applied for wastewater treatment on magnetic drum
separators, achieving acceptable color removal efficiencies. The
treatment efficiency might be enhanced by recirculating the
effluent to increase the residence time on the separator. Alterna-
tively, the rotary drum may serve as a pre-treatment for lowering
the contaminant load of classical treatments such as biological
degradation in aerobic and aerobic digesters or constructed
wetlands.
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