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Abstract: Solid phase extraction using magnetic nanoparticles has represented a leap forward in
terms of the improvement of water quality, preventing the contamination of industrial effluents from
discharge in a more efficient and affordable way. In the present work, superparamagnetic iron oxide
nanoparticles (MNP) with different surface charges are tested as nanosorbents for the removal of
chromium(VI) in aqueous solution. Uniform magnetic nanoparticles (~12 nm) were synthesized
by a microwave polyol-mediated method, and tetraethyl orthosilicate (TEOS) and (3-aminopropyl)
triethoxysilane (APTES) were grafted onto their surface, providing a variation in the surface charge.
The adsorptive process of chromium was evaluated as a function of the pH, the initial concentration
of chromium and contact time. Kinetic studies were best described by a pseudo-second order model
in all cases. TEOS@MNP barely removed the chromium from the media, while non-grafted particles
and APTES@TEOS@MNP followed the Langmuir model, with maximum adsorption capacities of
15 and 35 mgc,/g, respectively. The chromium adsorption capacities abruptly increased when the
surface became positively charged as the species coexisting at the experimental pH are negatively
charged. Furthermore, these particles have proven to be highly efficient in water remediation due
their 100% reusability after more than six consecutive adsorption/desorption cycles.

Keywords: water treatment; iron oxide nanoparticles; magnetic nanoparticles; magnetic harvesting;
adsorption; chromium removal

1. Introduction

Many developed countries have decided to strengthen their environmental policies to minimize
water pollution by regulating industrial activities regarding the discharge of hazardous chemicals,
including heavy metals, as wastewater into the environment [1,2]. Heavy metals are considered
persistent contaminants, and they cannot be easily degraded into harmless products [3]. Among others,
Pb, As, Cd, Cu, Zn, Ni and Cr are the most hazardous. Chromium—in particular, in the two stable
oxidation states Cr(IIl) and Cr(VI)—is one of the substances that poses a significant potential threat to
human health due to its known toxicity in human exposure [4].

Common drinking water can be considered toxic when it contains more than 0.05 mg/L of
Cr(VI), because this chromium state is found to be highly soluble and toxic. The chromates HCrO*-
and Cr,O;?>~ have been discharged over the years by many industrial activities in the fields of
petroleum refining, electroplating, metal coating and batteries, among others [1,5,6]. In a common
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wastewater treatment process, the removal of these kind of compounds takes place through chemical
and physical treatments using conventional methods such as coagulation and flocculation, membrane
separation, oxidation, adsorption and ionic exchange [7,8]. Specifically, for chromium removal, different
techniques are already applied at a large scale, such as bioremediation, reduction by electrochemical
and biological methods and adsorption using nanosorbents such as carbon-based materials [9,10].
The last method—solid phase extraction—seems to be a very effective and affordable water treatment
technique, and there have been numerous studies applied to different heavy metals [11-14].

The selection of the adsorbent is crucial when maximizing efficiencies in the removal process.
It is very important that the material used as an adsorbent presents high adsorption capacities and
allows a non-complex separation from the aqueous media [7,15]. In this sense, iron oxide magnetic
nanoparticles (MNPs) take advantage of their easy separation by means of a magnet, and their reduced
size provides a high specific surface area [16,17]. Magnetite nanoparticle sizes below 20 nm also present
superparamagnetic behaviors, which is a reversible magnetic behavior that diminishes magnetic
interactions and therefore aggregation, ensuring the easy reuse of the particles [18].

In the present work, uniform MNPs were prepared by microwave-assisted synthesis in polyol
media [19]. One of the main advantages of this interesting approach is that microwave radiation
allows a simple and controlled source of selective heating by ionic conduction and dipolar polarization
that takes place at the same time for all of the reaction volume [20]. This is a highly reproducible
method that has shown an increase in reaction yields and also an impressive reduction in the synthesis
time compared to other conventional methods [21]. Magnetic nanoparticle sizes were tuned within
the superparamagnetic limit (~15 nm) by adjusting the experimental conditions. The prepared
MNP were functionalized with silica-based compounds (tetraethyl orthosilicate and (3-Aminopropyl)
triethoxysilane) to adjust the material surface charge from negative to positive for the removal of Cr(VI)
in aqueous solution, as shown in Scheme 1.
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Scheme 1. Synthesis and functionalization of iron oxide magnetic nanoparticles with tetraethyl
orthosilicate (TEOS) and (3-aminopropyl) triethoxysilane (APTES), and the adsorption strategy of
Cr(VI). Adsorption experiments are conducted at pH 2.5, where all particles are positively charged and
Cr species (HCr,O;~ and Cry0,27) are negatively charged.

2. Materials and Methods

2.1. Chemical Reagents and Analysis

Iron(II) acetate (>98%), diethylene glycol (DEG, >99%), 2-propanol (>99%), tetraethyl orthosilicate
(TEOS, 299%), ammonium hydroxide (30%), (3-Aminopropyl) triethoxysilane (APTES, 99%), ethanol
(299.8%), nitric acid (HNOj3, 65%) and methanol (>99%) were purchased from Sigma-Aldrich, Madrid,



Water 2019, 11, 2372 30f12

Spain. A total of 500 mg/L stock solution of Cr(VI) was prepared by dissolving a specific amount of
potassium dichromate in 500 mL of distilled water. Working standards of desired Cr(VI) concentrations
were prepared by diluting different volumes of the stock solution. The Cr(VI) concentration was
estimated by inductively coupled plasma optical emission spectroscopy (ICP-OES) with an apparatus
from Perkin Elmer, model OPTIME 2100DV, Akron, Ohio, U.S., considering a wavelength of 540 nm.

2.2. Magnetic Nanosorbent Preparation

The synthesis of the iron oxide magnetic nanoparticles was carried out using a microwave oven
Monowave 300 produced by Anton Paar GmbH, Austria, working at 2.45 GHz and equipped with a
built-in magnetic stirrer, a temperature controller by an internal fiber-optics probe, an infrared sensor
for surface temperature and a pressure meter. A mixture containing 0.3 g of iron(II) acetate, 18.3 mL of
DEG and 0.7 mL of distilled water was placed into the microwave reactor and stirred at 600 rpm, while
the temperature increased at a rate of 3.75 °C/min until 170 °C. The mixture was left for 2 h at that
temperature. Finally, the obtained product was collected and washed several times with ethanol by
centrifugation at a relative centrifugal force (RCF) of 8000 for 15 min and suspended in 2-propanol for
further functionalization and in water for the sorption process.

The MNP were grafted with a layer of silica (TEOS@MNP) by using the Stober process, in which
a mixture of 100 mg of MNP, 200 mL of 2-propanol and 100 mL of distilled water was sonicated for
15 min at 20 °C. Then, 20 mL of ammonium hydroxide was added to the mixture and, while sonicating,
TEOS was added dropwise and the mixture was left under sonication for another 15 min. The sample
was then collected by centrifugation at 8000 RCF for 45 min, washed several times with ethanol and
then suspended in 2-propanol for the APTES functionalization and in water for the adsorption process.

A second grafting with APTES was performed over the TEOS@MNP, where an aliquot of the
dispersion containing 50 mg of the material was taken to 20 mL 2-propanol and then sonicated for
5 min. Afterwards, while sonicating, 0.5 mL of APTES was added dropwise and left sonicating for 1 h.
The final sample was washed with ethanol and collected by centrifugation at 8000 RCF/g for 15 min.

2.3. Characterization

The material crystalline structure was analyzed by X-ray diffraction (XRD) with a Bruker D8
Advance diffractometer with a graphite monochromator using CuKo radiation (A = 1.5406 A), within
10 and 70 20 degrees. The crystal size was calculated by using Rietveld refinement [22]. On the
other hand, the particle size and morphology were determined by transmission electron microscopy
(TEM) using a JEOL JEM 1010 microscope (Pleasanton, CA, USA) operated at 100 keV, and the mean
particle size was obtained by measuring the largest internal width of at least 200 particles. For TEM
observation, samples were prepared by diluting the suspension and placing one drop of it on an
amorphous carbon-coated copper grid.

The colloidal properties of the MNP were studied by dynamic light scattering in a Malvern
Instrument Zetasizer Nano SZ (Malvern, UK) equipped with a solid-state He-Ne laser (A = 633 nm).
The hydrodynamic particle size of the samples was obtained at pH 2.5 in a standard cuvette and with a
refraction index of 2.42. The hydrodynamic size was evaluated as the mean value of the distribution
by number. Also, zeta potential measurements were performed to determine the nanoparticle surface
charge as a function of pH at room temperature by varying the pH of the suspensions between 2 and
12, using HNOj; and KOH and using 1072 M KNOj as electrolyte.

A vibrating sample magnetometer—MagLabVSM, Oxford Instrument (High Wycombe, UK)—was
used to measure the magnetic properties of the MNP before and after grafting, where the samples were
accurately weighted and pressed into a sample holder. The hysteresis loops of the powder samples
were measured at 290 K up to 3000 kA/m, and the magnetic saturation of the material was obtained by
extrapolating to 1/H = 0 the high field part of the magnetization curve.

Fourier transform infrared spectra (FTIR) were performed to confirm the presence of the silica
shell and APTES grafting on the magnetic nanoparticle surface. For this, dried powder samples were



Water 2019, 11, 2372 40f12

diluted in KBr at 2% w/w, pressed into pellets and measured in Bruker IFS 66VS (Billerica, MA, USA)
apparatus in the range of 400-4000 cm™1.

2.4. Kinetic Measurements

Kinetic experimentation was performed at a pH of 2.5 and initial Cr(VI) concentration of 20 mgc,/L
by varying the adsorption time (5, 15, 30, 45, 60, 90, 120 and 1440 min). After each adsorption experiment,
the magnetic nanosorbent was separated by using a 60 x 30 mm magnet with a field at the surface
of 320 kA/m. The residual Cr(VI) concentration in the supernatant was measured by ICP-OES.
The experimental data were analyzed with three different kinetic models: pseudo-first-order (PFO),
pseudo-second-order (PSO) and Elovich.

PFO is considered to describe the adsorption initial stage with long adsorption times and a system
almost in equilibrium well. The non-linear form of the PFO rate equation is given by Equation (1) [23]:

qt=qe (1 -7 1)

where t is the contact time in min, k; the first order adsorption rate constant in min~}, e is the
equilibrium adsorption capacity in mg/g, and g; the adsorption capacity at contact time t in mg/g.

The PSO model is used to explain processes ruled by the surface adsorption, as well as most
environmental processes [24]. This model also indicates that the adsorption is due to physicochemical
interactions between the adsorbate and adsorbent [25]. The second-order adsorption rate constant in
g/mg (ky) was obtained from the non-linear equation described in Equation (2) [26]:

qt = k2qe?t/(1 + kaqet) )

In contrast, the Elovich model fits adsorption processes far from equilibrium well and with a
mechanism of chemisorption for long periods of time, neglecting the desorption process. The non-linear
form of the Elovich rate equation is given by Equation (3) [23]:

qt = (1/) In(xf3t) ®)

where f3 is a desorption constant related to the extent of surface coverage and activation energy for
chemisorption, and « is the initial adsorption rate in mg/g min.

2.5. Sorption Experimentation

Batch Cr(VI) adsorption experiments were carried out at room temperature (20 °C) in a plastic
15 mL conical vial containing 5 mg of the nanosorbent (MNP, TEOS@MNP and APTES@TEOS@MNP)
and 10 mL of Cr(VI) solutions with different initial concentrations (from 10 to 100 mg/L) selected
to avoid the complete elimination of chromium for measurement purposes and to reach adsorption
equilibrium. The mixture was then mechanically mixed for 2 h and, after equilibrium, the MNP was
collected in 1 minute using a 60 X 30 mm magnet with a field at the surface of 320 kA/m. The residual
pollutant concentration in the supernatant (Ce, mg/L) in the aqueous phase was determined, and the
adsorption capacity was calculated by Equation (4).

Qe = (Co — Ce)V/m (4)

where qe is the adsorption capacity equilibrium, in mgc,/g; Cy is the initial Cr(VI) concentration, in
mg/L; C, is the equilibrium concentration, in mg/L; m is the dry weight of adsorbent, in g; and V is the
volume of Cr(VI) solution, in L. The percentage of removal was obtained by Equation (5) [27]:

Removal = (Cy — C¢)100/Cy 5)
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The effect of the pH was analyzed in a pH range between 2 and 6 at a Cr(VI) initial concentration
of 40 mgc,/L. The effect of initial concentration was studied by using 0, 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100 mgcr/L in the experiments at optimum pH (2.5). The obtained experimental data were
fitted to three different isotherm models: Langmuir, Freundlich and Temkin (Table 1). In each model,
the dependence of the equilibrium adsorption capacity, qe (mg/g) is stablished as a function of the
pollutant equilibrium concentration, C. (mg/L). The maximum adsorption capacity qm (mg/g) was
obtained by the Langmuir equilibrium model.

Table 1. Isotherm models linear equations and plots.

Isotherm Linearized Equation Plot

Langmuir Ce/qe = 1/bgqm + Ce/qm Ce/qe vs. Ce

Freundlich Inge = InK¢ + (InCe)/n Inge vs. InCe
Temkin qe = (RT/b)InKt + (RT/bT)InCe qe vs. InCe

The Langmuir isotherm model is considered to adjust well to processes in which the adsorbent
presents a homogeneous surface and the adsorption is performed with monolayer coverage. In contrast,
the Freundlich model describes adsorptions with non-existing limited levels and systems with
heterogeneous surfaces, while the Temkin model considers that the adsorption heat reaction (br, J/mol)
decreases in a linear way [28]. In each model, the dependence of the equilibrium adsorption capacity
ge (mg/gns) is taken as a function of the pollutant equilibrium concentration, Ce (mg/L).

Finally, the reusability of the nanosorbent after the Cr(VI) removal process was determined by
analyzing the adsorption capacity of seven successive sorption/desorption cycles. For this, 20 mg
was mechanically mixed at 60 rpm for 2 h with 40 mL of Cr(VI) solution 100 mg/L at pH 2.5.
The Cr(VI)-loaded material was collected by magnetic harvesting after the sorption process and
washed several times with distilled water. Then, 5 mL of NaOH, 0.01 M was added and mixed for
1 h at 20 °C. Finally, the nanosorbent was dried in an inox-coated oven at 50 °C overnight, and the
procedure was repeated for each successive cycle.

3. Results and Discussion

3.1. Characterization

The MNP were synthesized by a microwave-assisted method that presents greater efficiencies in
comparison with other approaches such as thermal decomposition with conventional heating. One of
the most noticeable differences between these methods is that a microwave produces an internal
homogenous heating that promotes the nucleation in the whole vessel at the same time, reducing the
growth possibilities of the nuclei generated and consequently obtaining uniform particles of lower
sizes [21]. The MNP TEM images are shown in Figure 1a, and the particle size distribution in Figure le.
The particle size distribution was evaluated and adjusted to a log normal distribution in which a mean
particle size of 12.2 (+1.5) nm was obtained. Moreover, the XRD pattern of the MNP was obtained
and is displayed in Figure 1d, in which it can be seen that there was no extra reflection of other iron
oxide phases such as hematite or iron hydroxides. The depicted reflections fit well with the space
group (Fd-3m:227) typically assigned to cubic spinel structures. The crystallite size was calculated
to be 12.8 (+0.3) nm by Rietveld refinement. It is worthwhile to mention that microwave-assisted
synthesis increases the reproducibility of the sample.
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Figure 1. Morphological and structural characterization of the magnetic nanoparticles (MNP) before
and after grafting: (a—c) transmission electron microscope (TEM) images of nanosorbents (a) MNP,
(b) TEOS@MNP and (c) APTES@TEOS@MNP, (d) X-ray diffraction of the MNP, (e) MNP particle size
distribution, (f) hydrodynamic size, and (g) Fourier transform infrared (FTIR) spectra. (a.u. corresponds

to arbitrary units).

Figure 1b,c show the TEM images of the TEOS@MNP and APTES@TEOS@MNP, respectively. It can
be seen that a smooth silica layer has been placed over the MNP agglomerates in both cases, indicating
that the grafting was performed correctly. Figure 1f shows the hydrodynamic size distribution of
the grafted and non-grafted particles. The mean sizes for the number distribution obtained for the
MNP, TEOS@MNP and APTES@TEOS@MNP were 172.2(0.2) nm, 278.0(0.2) nm and 491.5(0.2) nm,
respectively, indicating that the grafting enlarges the hydrodynamic particle size. Also, in the case of
the MNP, the presence of a small fraction of bigger particles can be observed, suggesting that, without
the silica layer, the particles form large aggregates.

To ascertain the presence of both graftings, FTIR analysis was performed and is shown in Figure 1g.
It can be observed that the sample APTES@TEOS@MNP presents a band at approximately 1080 cm ™!
which corresponds to the Si-O bond on the nanoparticles surface due to the silica grafting [28]. Also,
the presence of coordinated -OH groups on the surface of the particles or water molecules with the
unsaturated surface Fe atoms can be attributed to the bands at 3443 cm™! and 1600 cm~! of O-H
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stretching vibration and O-H deformed vibration (bending modes), respectively [29]. The band at
468 cm~! in both samples could be due to the Fe-O bonds of magnetite or maghemite [30]. The N-H
bending and stretching bands of the terminal primary amine group of APTES cannot be seen as
they overlapped with the 3443 cm~! band; however, the grafting can be confirmed by the 2852 and
2932 cm™! bands of the C-H bond stretching vibration that correspond to the propyl group [31].
Further confirmation of the presence of the APTES was obtained by the increase of surface charge
of the particles and the displacement of the isoelectric point, as explained in the following section
(Section 3.2).

Figure 2 shows the magnetization curves of the nanosorbents at room temperature. As can
be observed, the remanence magnetization and the coercive field were nearly zero for all samples,
indicating a superparamagnetic behavior at room temperature. The saturation magnetization values
decrease after each grafting process from 81 to 62 and 58 Am?/kg for the MNP, TEOS@MNP and
APTES@TEOS@MNP, respectively, due to the addition of a non-magnetic material; i.e., around 23% in
weight of TEOS plus 5% of APTES. Bare particles present a saturation magnetization close to the bulk
value for magnetic iron oxides.

80 81 Am’/kg
‘&” 62 Am'/kg
= 2

<

N’

£ o

N

<

S

S -40+

E() T—MNP

§ -80- TEOS@MNP

APTES@TEOS@MNP

3 2 1 0 1 2 3
Magnetic Field (10’ kA/m)

Figure 2. Magnetization curves of MNP before and after grafting with each magnetic saturation value
in Amz/kg of sample.

3.2. Adsorptive Measurements

3.2.1. Effect of pH

The effect of pH in the adsorption process of Cr(VI) was evaluated by using the non-grafted MNP
in batch experimentation, in which the pH was varied between 2 and 6. It can be seen from Figure 3a
that, after the adsorption process at different pH values, the obtained qe values and Cr(VI) removal
decrease with the increasing pH, which agrees with other studies on Cr(VI) adsorption with iron oxide
nanoparticles [32,33]. This behavior can be attributed to the surface charge of the particles, as can
be seen in Figure 3b. At low pH values, the MNP present a positive charge (+25.9 mV at pH 2.5)
that increases the affinity of the nanosorbent for the anionic chromates (Cr,O;?~ and HCrO*") in the
aqueous solution. It should be taken into account that TEOS@MNP and APTES@TEOS@MNP samples
are also positively charged at that pH (+1.8 and +34.2 mV, respectively), which can also be used to
confirm the FTIR results regarding the success in the coating process. On the contrary, at high pH values,
the MNPs are negatively charged, causing electrostatic repulsion for Cr(VI) anions [34]. Therefore, for
further adsorption analyses and for the sake of comparison, a pH of 2.5 was fixed for the following
experiments. The isoelectric point or point of zero charge of APTES@TEOS@MNP (pH 10) confirms the
success of the coating process in comparison with the bare nanoparticles (pH 6.5). This huge difference
is attributed to the presence of amino groups on the surface of the functionalized nanoparticles.
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Figure 3. (a) Effect of the pH on the removal (%) and adsorption capacity (mg/g) of Cr(VI) with MNP.
(b) Zeta potential curves of MNP, TEOS@MNP and APTES@TEOS@MNP.

3.2.2. Kinetics and Isotherms Models

The adsorption kinetics were analyzed for the three nanosorbents (MNP, TEOS@MNP and
APTES@TEOS@MNP), and the non-linear fitting of the experimental data and kinetic models as a
function of time are presented in Figure 4a. As can be seen, the adsorption equilibrium is reached
after 1 h, and the experimental data best fitted the PSO model (R% = 0.98(0.02)), indicating that
the rate-limiting step is the surface adsorption, and chemisorption is the most likely mechanism of
adsorption [35]. Also, due to the surface charge, it is important to acknowledge that the mechanism
of adsorption may benefit from the ion exchange between the Cr(VI) molecules, with the adsorbent
TEOS@MNP barely removing the Cr(VI) of the aqueous solution due to its low surface charge.

25
a) APTES@TEOS@MNP b) 5] APTES@TEOS@MNP
I MNP I MNP
204 25
~
el 15 20
3" C
£ 10 O eeoniz® | of 1]
— g
- = 101
s ] >
. S 5
@ Experimental -- L PFO @ Experimental Langmuir
0+ —PSO ~ Elovich oHe  ----- Freundlich------- Temkin
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80
t (min) Ce (mg_ /L)

Figure 4. Adsorptive results of MNP and APTES@TEOS@MNP for Cr(VI) removal. (a) Non-linear
kinetic models and (b) adsorption isotherms.

In contrast, the experimental data obtained by analyzing the effect of the initial concentration of
Cr(VI) were compared to the previously mentioned isotherm models, and the corresponding non-linear
fittings are included in Figure 4b. As can be seen, there was a better fitting with the Langmuir
isotherm model in all cases (R? ~ 0.98(0.02)), meaning that it can be assumed that the process follows a
monolayer adsorption with specific active sites for each Cr(VI) molecule. Furthermore, when using
the APTES@TEOS@MNP, the maximum adsorption capacity obtained was higher (35 mg/g) than the
obtained with the non-grafted MNP (15 mg/g), supporting the fact that the affinity of the nanosorbent
increases with the surface charge. Table 2 summarizes the kinetic and isotherm parameters obtained
with the experimental data.
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Table 2. Kinetic and isotherm parameters.

Langmuir Freundlich Temkin
Constant MNP APTES Constant MNP APTES Constant MNP APTES
Kt
by (L, 0.19 0.08 6.32 6.55 b 1 1259.37 440.05
0 (L/mg) T ¢ O/mol)
qm (mg/g) 15.00 35.00 1/n 0.19 0.35 ke (L/g) 17.38 1.90
R? 0.98 0.97 R? 0.88 0.84 R? 0.85 0.93
Pseudo-First Order Pseudo-Second Order Elovich
Constant MNP APTES Constant MNP APTES Constant MNP APTES
Qe (Mg/g) 9.9 20.8 e (mg/g) 10.5 21.7 B (mg/g) 0.98 0.58
kq 0.27 0.35 ko 0.04 0.03 o (mg/g.min) 325 6445
R? 0.96 0.95 R, 0.98 0.98 R? 0.89 0.88

3.2.3. Reusability Assays

Figure 5 shows the efficiency of the Cr(VI) adsorption with MNP and APTES@TEOS@MNP after
seven adsorption/desorption cycles. These tests showed that Cr(VI)-loaded nanosorbent requires just a
small volume of a basic solution to efficiently desorb the chromate molecules due to the change of
the particles’ surface charge with pH. In both cases, only a slight decrease of efficiency was shown
(=98 + 5%), proving that the nanosorbents are reusable and highly efficient in this adsorption process.
Even though the maximum adsorption capacities obtained for MNP and APTES@TEOS@MNP were
not as good as for other functionalized magnetic nanoparticles (Table 3), this material can be used
several times and achieve greater chromium removals. Also, after seven cycles, there was no change in
the morphology of the nanosorbents as demonstrated with TEM images, and there was no magnetic
loss observed (95% recovery).

100+

Efficiency (%)
s 3 B

[N}
(e}
1

1 2 3 4 5 6 7
Number of cycles

Figure 5. MNP and APTES@TEOS@MNP reusability tests for seven consecutive
adsorption/desorption cycles.

In a previous work [15], we obtained lower qm (12 mg/g) values with bare nanoparticles synthetized
via an electrochemical method with a mean particle size of 21 nm. In the present work, we have
improved the adsorption efficiency by reducing the nanoparticle size to 12 nm, obtaining a qm value of
15 mg/g for bare NPs. Table 2 presents a comparison of the adsorption capacity of Cr(VI) by using
different magnetic nanosorbents with similar characteristics to the one used in this work. As can
be seen for Cr(VI) removal, it is important to ensure a positive surface charge of the adsorbent at
the working pH to reinforce attraction forces with negatively charged chromates. Additionally, the
maximum adsorption capacity of Cr(VI) (qm = 35 mg/g) makes our APTES@TEOS@MNP a competitive
adsorbent compared to other materials. Only the chitosan-coated Fe;O4 nanocomposite shows a
high qm (81.5 mg/g), which is probably due to the quelate effect of the chitosan with the chromates,
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enhancing the adsorption efficiencies, but this may hinder its re-use, unlike the material presented in
this research which can be used for several adsorption cycles, reaching higher removal percentages
and lowering the process cost. In general, we have observed that the adsorption capacity increases by
increasing the nanoparticle surface charge, as in the case from +1.8 mV (qm = 0 mg/g for TEOS@MNP)
to +34.2 mV (qm = 35 mg/g for APTES@TEOS@MNP).

Table 3. Maximum adsorption capacities (qm, mg/g) of Cr(VI) for different nanosorbents. (PAA =
Polyacrylic acid, MPA = Mercaptopropionic acid).

Adsorbent Surface Charge pH () qm (mg/g) Reference
TEOS@MNP Slightly positive 25 0 This work
Fe304@n-5i0, NPs Slightly positive 2 3.8 [33]
Fe304 (PAA-coated and amino-functionalized) Negative 3 11.2 [36]
Diatomite-supported magnetite NPs Positive 2 11.4 [34]
Iron oxide magnetic nanoparticles (MNPs) Positive 25 15 This work
Maghemite nanoparticles Positive 2.5 17 [37]
APTES@TEOS@MNP Positive 25 35 This work
(3-MPA)-functionalized iron oxide NPs Positive 1 45 [38]
Chitosan-coated Fe30O4 nanocomposites Positive 2 81.5 [32]

4. Conclusions

Superparamagnetic nanosorbents based on iron oxide nanoparticles of 12.2 (+1.5) nm in diameter
and coated by silica (30% in weight) were developed and optimized for the removal of Cr(VI). It was
observed that surface charge is an important parameter determining the adsorption capacity, reaching
a maximum of 35 mg Cr(VI) per g of nanosorbent at the maximum positive surface charge.

In this work, microwave polyol-mediated synthesis was chosen for the efficient and reproducible
preparation of uniform magnetic cores with sizes below 15 nm to maintain superparamagnetic
behavior, and the surface charge was varied from negative to positive by successively grafting
tetraethyl orthosilicate and 3-Aminopropyl triethoxysilane. Chromium surface adsorption seems to
be the rate-limiting step, and adsorption increases with increasing the nanoparticles’ positive surface
charge. Finally, the particles showed high reusability efficiencies (around 100%) after seven Cr(VI)
desorption cycles.

The easy separation and regeneration of these magnetic nanosorbents from aqueous solutions, and
the high-adsorption capacity of Cr(VI) in comparison to others, suggest that these nanoparticles can be
efficiently used for the decontamination of Cr(VI)-containing wastewater, such as that discharged by
the electroplating industry.
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