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Abstract: This work reports the behavior of montmorillonite–magnetite mixtures of varying com-
position in aqueous dispersions and evaluates their adsorbing properties using a cationic organic
pollutant, methylene blue (MB+), and an anionic inorganic pollutant, arsenate (As(V)), as the adsorb-
ing species. The effects of the presence of montmorillonite on the As(V) adsorption by magnetite and
the effects of magnetite on the MB+ adsorption by the clay were specially addressed. The simple mix-
ture of a montmorillonite dispersion with a magnetite dispersion led to the spontaneous formation of
montmorillonite–magnetite co-aggregates. These co-aggregates showed a unimodal electrophoretic
mobility distribution, with no evidence of the presence of separate populations of montmorillonite
or magnetite. The application of a magnetic field confirmed the formation of co-aggregates and
showed that their separation rate increased as the magnetite content increased. Adsorption studies
as a function of the aggregate composition demonstrated that MB+ uptake was mainly controlled
by the content of montmorillonite, while As(V) adsorption was mainly controlled by the content of
Fe3O4. This permits an easy tuning of the adsorbing properties of cations and anions by controlling
the composition of the system.

Keywords: remediation; magnetic clays; particle aggregates

1. Introduction

Extensive research has been carried out in the field of environmental remediation in
the last decades, aiming to develop efficient, economical, and versatile water remediation
technologies. In this context, magnetic separation has been applied recently in many
areas for preconcentration and quantification in analytical chemistry [1,2], to capture
and separate pollutants from aqueous environments [3,4], and to adsorb and degrade
undesired substances [5]. These technologies are inexpensive, reliable, fast, and durable to
treat wastewater and, if well adapted, would allow to remove specific contaminants from
water. Therefore, magnetic modification of inexpensive adsorbents, such as clays, can lead
to the formation of magnetic particles that can be easily and rapidly removed from solutions
by applying an external magnetic field [5,6], capturing organic and inorganic pollutants.

Clays, such as montmorillonite, have been used since the beginning of civilization
and have maintained their position among the most important industrial raw materials
since then. They are well known as adsorbents not only of heavy metals, but also of
drugs, pesticides, organic matter, etc. [7–11] On the other hand, magnetic nanoparticles,
such as Fe3O4, have generated considerable repercussion in adsorption technologies and,
consequently, in the remediation field [12,13], due to their stability, large surface area, high
number of surface active sites, and, unlike montmorillonite which is paramagnetic, the
particular advantage of being able to be separated by applying an external magnetic field.

Montmorillonite and magnetite surfaces behave differently in aqueous media. In
the case of montmorillonite, most of the surface contains siloxane groups, which are not
involved in protonation–deprotonation reactions. Therefore, the charge of montmorillonite
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particles is dominated by negative structural charges, arising from isomorphic substitutions,
making montmorillonite a good adsorbent of cationic species through a cation exchange
mechanism. In the case of magnetite, surface hydroxyl groups coordinated to Fe(III) and
Fe(II) ions at the surface have the capacity to protonate or deprotonate depending on the pH,
resulting in positive charges at low pH and negative charges at high pH. In addition, these
hydroxyl groups can be exchanged by anionic ligands such as arsenate; thus, magnetite
can adsorb anionic moieties via a ligand exchange mechanism.

The differences in the surface properties of both solids indicate that the preparation of
aggregates consisting of a mixture of montmorillonite and magnetite particles will lead to
a system with the capacity to adsorb cationic and anionic pollutants, whether organic or
inorganic. Furthermore, the presence of magnetite in each aggregate will impart magnetic
properties to them, enabling the separation of the aggregates with an external magnetic
field, making them extremely useful in adsorption and remediation processes.

Currently, there are works in the literature where the properties of the montmorillonite–
magnetite system have been explored. Galindo-Gonzales et al. [14] synthesized magnetite-
covered clay particles in aqueous medium, but they did not carry out adsorption studies.
The work focused on the sedimentation behavior of monodisperse magnetic particles, for
application in the formulation of magnetorheological fluids. Mamedov et al. [15] synthe-
sized thin films of magnetite–montmorillonite and polyelectrolytes, as well as measured
their optical and magnetic properties, but they did not carry out adsorption studies. Yuan
et al. [16] and Larraza et al. [17] were seemingly the first to specifically show adsorption
studies of an anion (chromate) in montmorillonite–magnetite composite systems, demon-
strating their good adsorbent properties. Some works in which clay–magnetite nanoparticle
systems [18] were used as enzyme support have also been published [19], while others
reported their good cation adsorption properties using Ni2+, Cu2+, Cd2+, and Zn2+ [20].

Most of the studies dealing with adsorption using clay–magnetite systems focused on
studying the adsorption of a particular species, whether anionic or cationic. There are no
reports in the literature exploring the ability of these systems to adsorb both anions and
cations. Such a kind of adsorbent would be technologically sound, since the same solid
will be capable of removing a great variety of pollutants.

The aim of this work was to evaluate the adsorptive properties of montmorillonite–
magnetite co-aggregates, prepared in different proportions of clay and oxide. A well-known
cationic die, methylene blue (MB+), and well-known anionic species such as As(V) species
in aqueous media were used to test the properties of the adsorbents. The electrokinetic and
magnetic properties of the co-aggregates are also reported. The effects of the presence of one
solid on the adsorptive properties of the other solid in the co-aggregates were evaluated.

2. Materials and Methods
2.1. Materials

FeCl2·4H2O, FeCl3·6H2O, K2HAsO4·7H2O, and methylene blue (in a chloride salt
form) were obtained from Merck (Germany). KCl, KOH, and HCl were purchased from
Anhedra (Argentina). All chemicals were of analytical grade and were used as received.
Double-distilled water was used in all cases.

The montmorillonite (Mt) studied in this work came from the Northern Patagonia,
in Argentina. Lombardi et al. [21] described its chemical composition and physicochem-
ical properties (identified as sample 4 in the article). The material, mostly composed of
montmorillonite (98% purity), with low amounts of gypsum and quartz, presented a cation
exchange capacity (CEC) of 0.96 meq·g−1 (measured using the standard ammonium acetate
method) and a specific surface area of 738 m2·g−1 (determined by water adsorption) [21].
Particles with nominal diameter <2 µm were obtained by sedimentation, and a homoionic
Na–montmorillonite was prepared by dispersing suitable amounts of the solid several
times in a 1 M NaCl solution. Afterward, the sample was washed with 0.01 M NaCl
(successive centrifugal treatments) until the conductivity of the supernatant was equal to
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that of the washing solution. A final stock suspension of 12.8 g·L−1 was obtained after
these treatments.

The magnetic particles (Fe3O4) were synthesized via chemical coprecipitation, as indi-
cated elsewhere [22]. A stock suspension was also prepared after synthesis and washing,
with a concentration of 7.52 g·L−1. The physicochemical and adsorptive properties of
the studied Fe3O4 particles were reported in a previous publication [22]. They showed
superparamagnetic properties, spherical shape, and an average size of 12 nm.

From the montmorillonite and magnetite stock suspensions, a series of montmorillonite–
magnetite mixtures (Mt–Fe3O4) were prepared. The following mass fractions (F) were
obtained: 0.20, 0.27, 0.44, 0.60, and 0.85, defining this relationship as

F =
mFe3O4

mMt + mFe3O4

,

where mFe3O4 and mMt are the masses in grams of magnetite and montmorillonite, re-
spectively. The different Mt–Fe3O4 mixtures, with a concentration of 5.0 g·L−1, were kept
in suspension at room temperature. These mixtures are called Mt–Fe3O4 (F), using the
corresponding value of F within parentheses.

2.2. XRD, FT-IR, and Zeta Potential

The pure solids and the mixtures were examined by XRD using a Rigaku D-Max III−C
instrument equipped with a Cu-Kα1 (λ = 1.54059 Å) source and a graphite monochromator
operated at 35 kV and 15 mA over the 2θ range 3–80◦ at a scan rate of 0.02◦ (2θ) s−1.

FT-IR spectra of all samples were recorded with a Nicolet FT-IR Nexus 470 spectropho-
tometer in the range 400–4000 cm−1 using the KBr pellet technique.

The electrophoretic mobilities at 25 ◦C of Mt, Fe3O4, and Mt–Fe3O4 mixtures were
measured using a Malvern Zetasizer Nano ZS 90 equipment. The zeta potential (ζ) was
automatically calculated with the classic Smoluchowski equation. Studies were performed
as a function of pH using 0.01 M KCl as supporting electrolyte. For each sample, 50 mL
of a 0.1 g·L−1 suspension in 0.01 M KCl were placed in a reaction cell, under continuous
stirring. The pH was lowered to a value around 3.5 with HCl, and N2 was bubbled for
30 min. Once the suspension was stabilized, ζ was measured. The pH was then increased
with small additions of KOH, and ζ was again measured. This procedure was repeated
until the pH was around 9.5.

For selected cases, the zeta potential distribution was measured. This is important for
mixtures because the obtained distribution can give valuable information regarding the
presence of one, two, or even more populations of particles or aggregates with different
electrokinetic properties. During a default ζ measurement, the equipment determined
two outcomes in separate. On the one hand, the mean value of ζ was obtained from a
fast field reversal measurement. On the other hand, the ζ distribution was obtained from
the combination of slow and fast field reversal application. In this way, the zeta potential
distribution is an interpretation of potential contributions from differently charged particles
that could have contributed to the result.

2.3. Adsorption Studies

Adsorption studies were performed with Mt, Fe3O4, and Mt–Fe3O4 mixtures. MB+

and As(V) adsorption isotherms were carried out at pH 7 in 0.01 M KCl using 15 mL
polyethylene centrifuge tubes. For the case of MB+ adsorption on Mt, 0.100 mL of the
montmorillonite stock suspension (mMt = 1.28 × 10−3 g) was mixed with the desired
volume of 0.001 M MB+, and then 0.01 M KCl was added to reach a final volume of
10 mL. For the case of As(V) adsorption on Mt, an analogous procedure was followed,
but using the desired volumes of a 0.001 M As(V) solution. The final volume was also
set to 10 mL with 0.01 M KCl. The same procedure was applied for the cases of MB+

and As(V) adsorption on Fe3O4. In these cases, 1.00 mL of the Fe3O4 stock suspension
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(mFe3O4 = 7.52 × 10−3 g) was used, and varying volumes of either 0.001 M MB+ (from
0.100 a 2.00 mL) or 0.001 M As(V) (from 0.100 to 2.00 mL) were added.

In order to investigate the effect of the composition of Mt–Fe3O4 mixtures (different
F values) on MB+ and As(V) adsorption, two sets of tubes were prepared. In the first
case, centrifuge tubes containing a constant amount of Mt (mMt = 1.28 × 10−3 g) and
increasing amounts of Fe3O4 stock suspension, yielding the F values of 0 (pure Mt), 0.20,
0.27, 0.44, 0.60, 0.85, and 1 (pure Fe3O4), were sonicated for 5 min. Later, a fixed amount of
MB+ (2.00 mL of 0.001 M solution) was added to each tube. In the second case, centrifuge
tubes containing a constant amount of Fe3O4 (mFe3O4 = 7.52 × 10−3 g) and increasing
amounts of Mt stock suspension were also sonicated for 5 min, and a fixed amount of As(V)
(1.60 mL of 0.001 M solution) was added. In both sets of tubes, the final volume was set to
10.00 mL with 0.01 M KCl.

Lastly, three mixtures were selected to perform adsorption isotherms: Mt–Fe3O4(0.20),
Mt–Fe3O4(0.60), and Mt–Fe3O4(0.85), where the values within parentheses denote the value
of F in each mixture. The pH was 7, the final volume was 10 mL, and the ionic strength
was controlled by 0.01 M KCl. The operational conditions concerning these isotherms are
detailed in the Supplementary Materials (Tables S1–S6).

In all the adsorption experiments previously described, the tubes were shaken for
24 h and centrifuged, and the concentration of MB+ or As(V) remaining in the supernatant
was quantified. The adsorbed amount was calculated from the difference between the
initial concentration and the concentration that remained in the supernatant. MB+ was spec-
trophotometrically measured by recording the UV/vis spectra in the 200−800 wavelength
range reading the absorbance at 664 nm [23]. Arsenate was quantified by the spectropho-
tometric molybdenum blue method validated by Lenoble et al. [24] for arsenic species in
aqueous media.

3. Results and Discussion
3.1. XRD, FT-IR, Zeta Potential, and Magnetic Remotion

Figure 1 shows the X-ray diffractograms of Fe3O4, Mt (raw material, before sedimen-
tation to obtain the <2 µm fraction), a physical mixture of raw Mt and Fe3O4 powders
(F = 0.60), and Mt–Fe3O4(0.60). The pattern of Fe3O4 matched that of magnetite samples
from the literature (ICDD: 00-019-0629), exhibiting the characteristics peaks at 30.2◦ (220),
35.2◦ (311), 43.2◦ (400), 53.7◦ (422), 57.1◦ (511), and 62.7◦ (440). The pattern of Mt showed
three characteristic reflections at 7.12◦ (001), 19.80◦ (02-11), 28.78◦ (004). Montmorillonite is
a layered aluminosilicate mineral, where each layer is formed by two tetrahedral sheets
sandwiching an octahedral sheet. The layers pile up forming stacks, where each layer is
separated from the other by the interlayer or interlaminar spacing, which contains water
and intercalated cations [23]. The basal spacing, d001 = 12.70 Å, corresponds to the sum
of the interlaminar spacing (variable thickness, depending on the size of the intercalated
species and hydration) and the thickness of the Mt layer (constant, 9.6 Å), indicating that
the interlaminar space was 3.1 Å, typical of a sodium montmorillonite with a monolayer
of water in the interlaminar region [25,26]. There were also some reflections due to the
presence of quartz and gypsum in this raw sample. The physical mixture of raw Mt and
Fe3O4 powders showed all the reflections of raw Mt and magnetite. However, in the
pattern of Mt–Fe3O4(0.60), only the characteristic reflections of Fe3O4 could be observed.
The absence of quartz and gypsum reflections was expected because Mt–Fe3O4(0.60) was
prepared with Mt after sedimentation and homoionization, but the absence of the (001)
and (004) reflections of Mt, suggests changes in the stacking or piling of Mt layers with,
perhaps, some delamination due to the presence of magnetite.
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Figure 1. X-ray diffraction data of raw Mt, Fe3O4, a physical mixture of raw Mt and Fe3O4 powders
(F = 0.60), and Mt–Fe3O4(0.60). The reflections of montmorillonite (M), gypsum (G), and quartz (Q)
are indicated in the Mt diffractogram. The reflections of montmorillonite are also indicated in the
diffractogram of the physical mixture.

The FT-IR spectra of Mt, Fe3O4, and Mt–Fe3O4 (0,60) are shown in Figure 2. The clay
spectrum exhibited its characteristic absorption bands. The band at 3627 cm−1 corresponds
to the stretching vibration of the OH groups linked to the cations of the octahedral layer.
This band is typical of smectites where most of the octahedral sites are occupied by Al3+

atoms [27]. The broad band at 3444 cm−1 corresponds to OH groups that participate
in hydrogen bonding. The band at 1646 cm−1 belongs to the deformation of the OH
groups of the hydration water of montmorillonite. The band at 1041 cm−1 results from
the stretching of Si–O bond of Si4+ present in the tetrahedral sheets, together with a small
“shoulder” that appears around 1100 cm−1 due to the vibration of Al3+ that is replacing
Si4+ in the tetrahedral sheet. The band at 914 cm−1 is related to the deformation vibration
of the OH groups with Al present in octahedral position [28]. Two bands at 883 cm−1 and
843 cm−1 were attributed to the deformation of the OH group with partial substitution of
octahedral Al3+ by Fe2+ and Mg2+, respectively. The low intensity of the bands indicates
low content of octahedral Fe2+ and Mg2+ [29]. Lastly, two sharp bands of equivalent
intensity appeared at 520 cm−1 and 464 cm−1, corresponding to deformation vibrations of
the Si–O–Al bond (where Al3+ is the octahedral cation) and Si–O–Si bond, respectively [30].
The FT-IR spectrum of magnetite particles showed a broad band at 3400 cm−1, typical
for symmetric and asymmetric vibrations of OH groups. The band at 1644 cm−1 was
attributed to the O–H bending vibration of water, and the bands at 581 cm−1 and 440 cm−1

were attributed to the Fe–O stretching vibrations in tetrahedral and octahedral positions,
respectively [31]. The Mt–Fe3O4 (0,60) spectrum was a superposition of montmorillonite
bands with those of magnetite. No clear evidence of new bands indicating the existence
of a new chemical bond or a new phase appeared. The IR spectra of the other mixtures,
which are not shown here for simplicity, showed the same characteristics.
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Figure 2. IR spectra of selected samples.

Figure 3 shows the electrokinetic behavior of Mt, Fe3O4, and the Mt–Fe3O4 mixtures
at different pH. In the case of Mt, ζ was dominated by the negative structural charge of the
clay mineral, being negative throughout the entire pH range studied, with nearly constant
values around −40 mV. This behavior is well known and has been reported several times in
the literature [32–34]. Fe3O4 particles exhibited a different behavior, showing an isoelectric
point (IEP) of 7.8, with positive ζ at pH < IEP and negative ζ at pH > IEP, as a result of
protonation–deprotonation reactions of the surface groups [35,36]. All Mt–Fe3O4 mixtures
presented negative ζ in the entire pH range studied. Those mixtures with low magnetite
contents (Mt–Fe3O4(0.20), Mt–Fe3O4(0.27), and Mt–Fe3O4(0.44)) had a nearly constant ζ, almost
independent of pH, as with Mt. Mixtures with high magnetite content showed a detectable
pH dependence of ζ, with this dependence being less marked for Mt–Fe3O4(0.60) (ζ changed
from −30 mV at pH 3.5 to −40 mV at pH 9.5) than for Mt–Fe3O4(0.85) (ζ changed from
−16 mV at pH 3.5 to −40 mV at pH 9.5). In summary, the behavior of the mixtures was in
between the behavior of Mt and Fe3O4, with a marked influence of Mt, since no mixture
acquired positive mobilities at any pH.
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The Zetasizer equipment allowed us, in addition to measuring the mean value of
ζ, to obtain information of the distribution of ζ in each measurement. Since most of the
samples studied in this work are mixtures of two solids, and the electrokinetic behavior
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of these two solids is very different, measuring the distribution of ζ at any given pH
permits deducing whether the particles of the two solids remained as two independent
populations in the suspension or they became grouped, generating co-aggregates with
intermediate properties. Figure 4 shows the ζ distributions of the different mixtures. For
clarity, only distributions corresponding to measurements performed at pH 4.5 ± 0.1 are
shown. The remaining measurements for the different mixtures, in the entire pH range
studied, rendered similar distributions to those of Figure 4, and some examples are shown
in the Supplementary Materials. All mixtures had unimodal distributions, just like Mt
and Fe3O4. The mean ζ values and the standard deviations (ζ ± sd) were as follows:
Mt, −41.4 ± 4.6 mV; Mt–Fe3O4(0.20), −42.5 ± 4.2 mV; Mt–Fe3O4(0.44), −38.2 ± 4.5 mV;
Mt–Fe3O4(0.60), −25.9 ± 4.2 mV; Mt–Fe3O4(0.85), −13.6 ± 4.8 mV; Fe3O4, 35.7 ± 4.3 mV.
Mean ζ values followed the regular trend observed in Figure 3, with Mt and mixtures with
low F showing high negative ζ, mixtures with high F showing lower negative ζ, and Fe3O4
having a positive ζ. All samples, whether pure samples or mixtures, presented unimodal
distributions with very similar standard deviations, proving that the moving entities
during electrophoretic mobility measurements were single populations of “particles” (more
precisely, co-aggregates of particles), with rather homogeneous electrokinetic properties.
No evidence for the presence of two different populations of moving entities was obtained.
These co-aggregates spontaneously formed when Mt and magnetite suspensions were
mixed, likely driven by the electrostatic attraction between the oppositely charged surfaces
or the solids.
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Figure 5 shows a series of photographs taken at different times in order to observe
the effect caused by an Nd magnet near each Mt–Fe3O4 mixture. This figure provides a
semiquantitative idea of their behavior under the influence of an external magnetic field.
At time zero, a dark and turbid dispersion was observed. After different magnetization
times, the particles cloud (p.c.) became retracted and particles became concentrated on
the left side of the tube, in close contact with the magnet. The separation rate depended
on the magnetite content, with samples having high F being separated at shorter times.
Although there were variations in the separation rates, the solid phases of all mixtures
could be readily attracted by the magnet, resulting in clear solutions when the process
ended. Again, no evidence for the presence of two different populations of particles or
aggregates was found. Knowing that Mt particles in a suspension are not attracted by a
magnetic field, the presence of one population of Mt particles and another population of
Fe3O4 particles would have resulted in particle separation under the application of the
magnetic field, with Mt remaining in suspension and Fe3O4 being attracted by the magnet.
These results, in agreement with ζ measurements, suggest that mixtures were formed by



Minerals 2021, 11, 927 8 of 13

rather homogeneous co-aggregates of particles. In each mixture, the co-aggregates had
similar magnetic properties, moving all together under the influence of the magnetic field.

Minerals 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 5. Photographs of capped test tubes with dispersions of Mt–Fe3O4 mixtures of different com-
position under the effect of a magnetic field. Each row represents one dispersion (with the corre-
sponding F value indicated on the left side of the row) after different magnetization times. The zero 
time corresponds to dispersions before magnetization. Other time values correspond to the time 
elapsed after placing the magnet in contact with the tubes. It is seen that the particle cloud (p.c.) 
becomes contracted and attracted by the magnet as time increases. 

3.2. Adsorption Studies 
Figure 6 shows MB+ and As(V) adsorption on Mt–Fe3O4 mixtures, for a constant ini-

tial concentration of both adsorbates (adsorption percentages are shown as Supplemen-
tary Materials). The adsorption of MB+ per gram of Mt–Fe3O4 decreased linearly with F, 
becoming zero at F = 1 (Figure 6a). However, upon expressing these same results as ad-
sorption of MB+ per gram of Mt in each mixture, a constant adsorption was obtained (Fig-
ure 6b). It is evident that MB+ adsorbed only on montmorillonite, and that the presence of 
magnetite did not affect the adsorbing properties of the clay. An analogous behavior was 
observed with As(V). The adsorption of As(V) per gram of Mt-Fe3O4 increased linearly 
with F, being zero at F = 0 (Figure 6c). However, plotting the same results as adsorption 
of As(V) per gram of magnetite led to a constant adsorption (Figure 6d). It follows, then, 
that As (V) was only adsorbed on magnetite, and that the presence of Mt did not affect the 
adsorbing properties of the oxide. 

Figure 5. Photographs of capped test tubes with dispersions of Mt–Fe3O4 mixtures of different
composition under the effect of a magnetic field. Each row represents one dispersion (with the
corresponding F value indicated on the left side of the row) after different magnetization times. The
zero time corresponds to dispersions before magnetization. Other time values correspond to the time
elapsed after placing the magnet in contact with the tubes. It is seen that the particle cloud (p.c.)
becomes contracted and attracted by the magnet as time increases.

3.2. Adsorption Studies

Figure 6 shows MB+ and As(V) adsorption on Mt–Fe3O4 mixtures, for a constant ini-
tial concentration of both adsorbates (adsorption percentages are shown as
Supplementary Materials). The adsorption of MB+ per gram of Mt–Fe3O4 decreased
linearly with F, becoming zero at F = 1 (Figure 6a). However, upon expressing these
same results as adsorption of MB+ per gram of Mt in each mixture, a constant adsorption
was obtained (Figure 6b). It is evident that MB+ adsorbed only on montmorillonite,
and that the presence of magnetite did not affect the adsorbing properties of the clay.
An analogous behavior was observed with As(V). The adsorption of As(V) per gram of
Mt-Fe3O4 increased linearly with F, being zero at F = 0 (Figure 6c). However, plotting the
same results as adsorption of As(V) per gram of magnetite led to a constant adsorption
(Figure 6d). It follows, then, that As (V) was only adsorbed on magnetite, and that the
presence of Mt did not affect the adsorbing properties of the oxide.
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Figure 6. MB+(a,b) and As(V) (c,d) adsorption on Mt–Fe3O4 mixtures as a function of composition.
Initial concentration of MB+ = 2 × 10−4 M and As(V) = 1.6 × 10−4 M. Adsorption results are expressed
on a per gram of Mt–Fe3O4 basis (left panels) or a per gram of Mt or Fe3O4 basis (right panels).

The results obtained for one initial concentration of MB+ and As(V) were extended to
the full range of concentrations investigated, by means of adsorption isotherms (adsorption
percentages are shown in the Supplementary Materials). Figure 7a shows MB+ adsorption
isotherms on Mt, Fe3O4, and Mt–Fe3O4 mixtures with F values 0.2, 0.6, and 0.85. Mt
was the best MB+ adsorbent at all concentrations. Mt–Fe3O4 mixtures, on the other hand,
adsorbed MB+, but their adsorption capacity decreased as the proportion of Mt in the
mixture decreased. Lastly, Fe3O4 did not adsorb the dye. Therefore, the general results
of Figure 7a shows that the MB+ adsorption per gram of mixture strongly depended on
the Mt content. Moreover, expressing these same results as adsorption of MB+ per gram
of Mt in each mixture (Figure 7b) resulted in a single isotherm, which coincided with the
isotherm of pure Mt, within experimental error. It is then evident that MB+ adsorption was
mainly controlled by montmorillonite at all MB+ concentrations, and that the presence of
magnetite did not appreciably affect the adsorption capacity of Mt.

Analogously, for the case of As(V), Figure 7c shows the adsorption isotherms on Mt,
Fe3O4, and Mt–Fe3O4 mixtures. The opposite behavior to that shown by Figure 7a was
observed. Mt did not appreciably adsorb As(V), but Fe3O4 was the best adsorbent of the
oxoanion. Mt–Fe3O4 mixtures were in line with these results, increasing As(V) adsorption
as the proportion of Fe3O4 in the mixture increased. Figure 7d replots the data, expressing
the same results of Figure 7c as adsorption of As(V) per gram of Fe3O4 in each mixture.
All isotherms nearly merged into a single isotherm, which coincided with the isotherm of
pure Fe3O4. It is clear then that As(V) adsorption was mainly controlled by magnetite at
all oxoanion concentrations, and that the presence of Mt did not significantly affect the
adsorption capacity of magnetite.
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Figure 7. MB+(a,b) and As(V) (c,d) adsorption isotherms on Mt, Fe3O4, and Mt–Fe3O4 mixtures
(F values indicated in the graphs). Adsorption results are expressed per gram of Mt–Fe3O4 (a,c), per
gram of Mt (b), or per gram of Fe3O4 (d). Symbols in b and d are the same as in a and c, respectively.
Error bars (±2 sd) are placed only in selected curves for clarity.

The behaviors of pure Mt and Fe3O4 observed in Figure 7a,c are known and expected.
Montmorillonite is a very good adsorbent of MB+ [23], and it was reported to be a bad
adsorbent of As(V) [37,38]. On the other hand, the adsorption of As(V) by magnetite
was similar to that informed previously [22,39]. Structural negative charges on Mt drive
the adsorption of MB+ but hinder the adsorption of aqueous As(V) species, which are
negatively charged. Functional groups at the magnetite surface allow surface complexation
of As(V) species, but positive surface charges hinder the uptake of MB+. In addition, the
behavior of the mixtures and the fact that all isotherms merged into single isotherms are a
strong indication that the solid components of Mt–Fe3O4 mixtures acted independently
as adsorbents in the whole range of MB+ and As(V) concentrations investigated. In other
words, MB+ adsorption on Mt–Fe3O4 mixtures was fully controlled by the content of
Mt, while the adsorption of As(V) was entirely controlled by the content of Fe3O4. The
presence of Fe3O4 did not affect the adsorption of the dye by Mt in the mixtures, whereas
the presence of Mt did not affect the adsorption of the oxoanion by Fe3O4.

The independent behavior of montmorillonite and magnetite in the mixtures is a de-
sired property that facilitates the use of the solids as adsorbents. Indeed, the MB+ and As(V)
adsorption capacity could be easily tuned by controlling the proportion of Mt and Fe3O4
in the mixture. This independent behavior, nevertheless, does not imply that magnetite
particles and montmorillonite particles remain as two independent populations in the sus-
pension. Electrophoretic mobilities and experiments with the magnet demonstrated that
Mt and magnetite form co-aggregates; a schematic picture of one of these co-aggregates is
shown in Figure 8. The scheme is based on the following findings and known information:
(a) each Mt–Fe3O4 co-aggregate consists of a mixture of Mt and Fe3O4 particles, with the
former adsorbing MB+ and the later adsorbing As(V). This spontaneous co-aggregation is
likely driven by the opposite charges of montmorillonite and magnetite, allowing direct
contact between the two types of surfaces. Other evidence for the Mt–magnetite interaction
is given by the XRD data, which suggest that the piling of Mt layers was modified by the
presence of magnetite; (b) magnetite particles were spherical, with a diameter of around
12 nm, around ten times larger than the thickness of Mt layers (the side view of the layers



Minerals 2021, 11, 927 11 of 13

is drawn in the figure); (c) since delamination of Mt took place, only piling of a few (2–4)
layers was allowed in the drawing; (d) As(V) adsorbed on the surface of magnetite and MB+

on the surface and interlayer of Mt. Each aggregate, in addition, possesses electrokinetic
and magnetic properties that are like those of the other aggregates and, thus, all move
together under the application of an electric or a magnetic field. This is another desired
and sound property of the mixtures. They can be easily recovered after acting as adsorbent
by applying an electric or a magnetic field, capturing the pollutants and leaving a clear and
uncontaminated solution.
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Figure 8. Representative scheme of Mt–Fe3O4 co-aggregates, with adsorbed MB+ and As(V). Mt
layers are seen from a side view.

4. Conclusions

The simple mix of stock suspensions of montmorillonite and magnetite led to the
spontaneous formation of co-aggregates consisting of a mixture of montmorillonite and
magnetite particles. The co-aggregates formed at all investigated proportions of the solids
and acquired magnetic properties in all cases. The aggregates behaved as stable entities
with unimodal ζ distribution and could be easily removed by the application of an external
magnetic field, leaving a clear supernatant. In each co-aggregate, the clay and the oxide
acted independently of the other component, regarding adsorption of MB+ and As(V), mak-
ing it easy to tune the adsorptive properties of the system by controlling the composition
of the co-aggregates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11090927/s1, Tables S1–S6. Detail of Mt-Fe3O4 mixtures preparation for adsorption studies
using Mt stock suspension (12.8g/L), Fe3O4 stock suspension (7.5 g/L), MB+ stock solution (0.001 M)
and As(V) stock solution (0.001 M). Figure S1. Examples of unimodal distributions of zeta potentials
at different pH for the Mt-Fe3O4(0.20) mixture. Figure S2. Examples of unimodal distributions of
zeta potentials at different pH for the Mt-Fe3O4(0.60) mixture. Figure S3. Examples of unimodal
distributions of zeta potentials at different pH for the Mt-Fe3O4(0.85) mixture. Figure S4. MB+ and
As(V) adsorption and adsorption percentages on Mt-Fe3O4 mixtures as a function of composition.
Initial concentration of: MB+, 2 × 10−4 M; As(V), 1.6 × 10−4 M. Same data as Figure 6 in main text.
Figure S5. Adsorption percentages of MB+ on Mt-Fe3O4 mixtures for the case of adsorption isotherms
shown in Figure 7 (main text). Figure S6. Adsorption percentages of As(V) on Mt-Fe3O4 mixtures for
the case of adsorption isotherms shown in Figure 7 (main text). The behavior is typical for adsorption
isotherms performed at different initial concentration of the adsorptive and constant solid dosage
(“concentration” of solid). The higher the initial concentration, the lower the adsorption percentage,
because the surface is becoming progressively saturated.
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