<@ sustainability

Article

Implementation of Magnetic Nanostructured Adsorbents for
Heavy Metals Separation from Textile Wastewater

Marco Barozzi !, Sabrina Copelli !, Eleonora Russo 2, Paolo Sgarbossa
, Cristiana Morosini (¥ and Elisabetta Sieni **

Annalisa Sandon 3

check for
updates

Citation: Barozzi, M.; Copelli, S.;
Russo, E.; Sgarbossa, P.; Lavagnolo,
M.C.; Sandon, A.; Morosini, C.; Sieni,
E. Implementation of Magnetic
Nanostructured Adsorbents for
Heavy Metals Separation from Textile
Wastewater. Sustainability 2022, 14,
11785. https://doi.org/10.3390/
sul41811785

Academic Editors: Bo Chen, Guohua
Dao and Zhiliang Cheng

Received: 27 July 2022
Accepted: 14 September 2022
Published: 19 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(D, Maria Cristina Lavagnolo 307,

Department of Science and High Technology, University of Insubria, via Valleggio 9, 22100 Como, Italy
Department of Industrial Engineering, University of Padova, via E. Marzolo 9, 35131 Padova, Italy
Department of Civil, Environmental and Architectural Engineering, University of Padova, via F. Marzolo 9,
35131 Padova, Italy

Department of Theoretical and Applied Sciences, University of Insubria, via Jean Henry Dunant 3,

21100 Varese, Italy

*  Correspondence: elisabetta.sieni@uninsubria.it

Abstract: In the framework of sustainability, water shortages and water pollution are two important
aspects to be considered. Proposing efficient and low-impact technologies is of paramount importance
to promote circular economies associated with the use of water in the industrial context, especially
in the textile industry. In this work, the application of a set of magnetic nanostructured adsorbents
(MNAs) to cleanse metal ions from textile wastewaters was studied and analyzed. MNAs were
generated with a low-cost process, involving iron (II/III) salts (e.g., chlorides), sodium or ammonium
hydroxide solutions, and graphene oxide, obtained from graphite by a modified Hummers” method
at room temperature. The shape and the size were studied with transmission electron microscopy.
Adsorbents were tested with different metal ions (e.g., copper, chromium (III), and nickel). Metal ion
concentrations were analyzed by means of inductively coupled plasma optical emission spectroscopy
(ICP-OES), and adsorption isotherms were characterized. From the results, the MNAs exhibited the
capability of removing metal ions up to a yield of 99% for Cr3*, 94.7% for Cu?*, and 91.4% for Ni?*,
along with adsorption loads up to 4.56 mg/g of MNAs.

Keywords: wastewater; adsorption; nanoadsorbents; graphene oxide; magnetic nanoparticles

1. Introduction

Water is one of the most important and strategic resources for human life, indus-
try, and the environment. It is estimated that, globally, only 10% of the available water
is for domestic use. According to the World Health Organization and UNICEEF, about
768 million people do not have access to clean water [1]. Climate change is also contribut-
ing to the reduction of water for mankind. According to the report “Climate Change: Impacts,
Adaptation and Vulnerability” [2], 80% of the world suffers from water scarcity [3], and this
number is unfortunately destined to increase. The European Environmental Agency (EEA)
constantly promotes the development and application of sustainable technologies, through
the State of Environment reporting (SOER), a yearly report which describes, for each Eionet
country (26 in total), topics related to environmental issues and solutions.

In this framework, wastewater takes a huge part in water wastes, being involved
in the food, agricultural [4], fine chemical, oil, textile [5], and pharmaceutical industries.
Currently, wastewater management in Europe is performed through the definition of
threshold limit values of pollutant concentrations in water for human use, defined within
dedicated standards (European Council Directives 91/271/EEC and 98/15/EC). Pollutant
distribution is usually non-homogeneous, and highly dependent on specific anthropogenic
activities across the territory. Focusing on textile industry wastewater, with the widespread
use of dyes, a huge presence of both organic substances and nickel (II), copper (II), and
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chromium (III) ions [6] can be traced. The EEA constantly monitors the factors involved
in the water pollution assessment, developing reports based upon communications from
each member of the European Union. According to the EEA [7], which reports the presence
and the distribution of water pollutants in different activities, heavy metals constitute an
important component of wastewater, with more than 1400 tons estimated in 2018 [7].

In addition, according to the EEA [7], in 2016 more than 34,000 facilities transferred
data to the European Pollutant Release and Transfer Register; however, only a relatively
small fraction of these (3600) contained references to water emissions. This is due to the
fact that all facilities having pollutant releases below the threshold limit values do not have
an obligation to communicate the emission data. This fact highlights the importance of
promoting new and efficient wastewater treatment systems and technologies.

Currently, the most-used methods for wastewater treatment include ultrafiltration,
flocculation, coagulation [8], adsorption methods and, for organic pollutants only, biologi-
cal processes [9]. Focusing on the removal of heavy metal compounds from wastewater,
chemical methods are available, but they are generally expensive and they show a poor
removal efficiency at full-plant scale [10]. On the contrary, adsorption is considered an
optimal chemical-physical method of removal, as it is easy to operate, cost-effective, and
efficient for both organic and inorganic substances in aqueous media [10]. In recent years,
environmental remediation research studies have been focused on the design and develop-
ment of nanosized materials for adsorption [6]. According to the International Organization
for Standardization, a nanomaterial is defined as a ‘material with any external dimensions
in the nanoscale or having internal structure or surface structure in the nanoscale’. The
term ‘nanoscale’ is defined as size range from approximately 1 nm to 100 nm [11]. Such
dimensions typically offer to nanomaterials peculiar properties, namely a high surface
area/volume ratio. In fact, if compared to massive material, the number of surface atoms
and their properties make them the best candidates as adsorption systems. On the one
hand, their small size allows a low resistance to mixing but, on the other, it makes it difficult
to remove them from aqueous solutions with traditional separation technologies [12]. For
such reasons, adding properties such as magnetism to the nanoadsorbent allows for the im-
plementation of magnetic separation, a technology largely used in the mineral industry and
foundries to separate magnetic ores from non-magnetic materials [13]. The same method
has been proposed to extract pollutants from liquids using magnetic nanostructured adsor-
bents (MNAs) [14]. To achieve such a target, a static magnetic field is used to separate and
extract the magnetic part from the fluid [15]. This technique is particularly efficient, as it
avoids the use of filters or membranes that can lead to related fouling problems [16]. In
recent years, much research has been carried out into the use of MNAs for water pollutants.
Among magnetic materials, iron oxide is naturally abundant in nature in the forms of
magnetite, Fe30,4 and maghemite, y-Fe;O3. As nanoparticles, they have good removal
properties toward heavy metals through different processes such as adsorption, reduction,
and co-precipitation (Figure 1). Most of the studies in this area use iron oxide as the base to
grant magnetic properties to the nanoparticles. Depending on the substrate, magnetite and
maghemite nanoparticles are involved in both physical and chemical adsorption (including
hybrid mechanisms), with maghemite usually involving physical adsorption when used
on heavy metals [17-19].

This is also demonstrated by the low desorption of metals at high pH, that occurs when
applying magnetite, Fe3O4, nanoparticles, typical of chemical adsorption [20]. Instead,
adsorption by y-Fe,O3 nanoparticles does not involve chemical reaction as demonstrated
by the unchanged crystallite structure after metal removal [21]. Mahdavian et al. [22]
have investigated the ability of magnetite nanoparticles functionalized with APTES (3-
aminopropyl-triethoxysilane) and acryloyl chloride to adsorb heavy metal cations such
as Cd?*, Pb%*; Ni%*, and Cu?*. The adsorption capacity was maximum for lead ions and
minimum for cadmium ions. Ozmen et al. [23] have studied the capacity of magnetite
nanoparticles functionalized with APTES and glutaraldehyde to remove Cu®* from water.
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They reached adsorption equilibrium in 15 min and found that the removal is pH dependent,
with maximum removal at a pH between 4 and 5.
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Figure 1. Metal ion removal with MNAs.

However, even if magnetism increases separation yield of MNAs, their complete
separation from the aqueous matrix is still difficult. This issue can be partially solved
by supporting the nanoparticles onto other materials with high surface areas but with at
least one non-nanometric dimension (e.g., carbon nanotubes or nanosheets). Among 2D
nanomaterials, graphene oxide (GO) is an ideal candidate thanks to: (i) its large surface area
and (ii) the presence of both hydrophobic sp2-hybridized domains [24] and hydrophilic
ones (bearing hydroxy, ether, and carboxylic groups [25]) allowing for the adsorption of
both organic and inorganic pollutants such heavy metals [26]. The many advantages of GO
include: (i) hydrophilicity /hydrophobicity; (ii) easy and cost-effective production as GO is
easily produced from graphite, that is abundant in nature; (iii) adsorption capacities similar
to those of zeolites [27]; (iv) availability of functional groups that can be either chemically
modified or used as binding sites for metal cations; and (v) high surface area per mass unit.

Graphene-oxide-based composite materials have been extensively studied as adsor-
bents due to their strong affinity and high efficiency toward metal ions [28]. The formation
of composites between GO and magnetic nanoparticles represents a winning strategy for
the recovery of both nanomaterials after the decontamination treatment [29], as proved by
Diagboya et al. [30].

In fact, magnetic nanocomposites allow for the implementation of a green treatment
system, as the separation of the adsorption medium can be easily performed by the appli-
cation of a magnetic field or by using a simple magnet [31].

This work aims to propose a new set of MNAs, with the potential capability of
removing very different metal ions one-pot (that is, at the same time, in the same vessel).

The nanoadsorbent used in this work is based on GO decorated with magnetite
nanoparticles and it was synthesized by taking advantage of the high surface area of GO
and the cost-effective one-step coprecipitation method. This method makes use of cheap
iron (II/1III) salts (e.g., chlorides) and a base (sodium or ammonium hydroxide solution)
to decorate a dispersion of GO in water at room temperature. The main advantage in the
proposed system as compared to other state-of-the-art carbon-based adsorbents [32] stems
from the use of a very simple synthetic procedure and making use of GO and NPs without
further functionalization. In fact, the latter can impart specific affinity for certain heavy
metals but add complexity to the synthesis and limit its scalability.

Some preliminary results on the removal of Cr** ions only by similar MNAs have been
reported earlier by Barozzi et al. [33], but no adsorption isotherms have been proposed.

The nanoadsorbent used in this work was tested on three different pollutants: Crd3+,
Ni?*, and Cu?*. Such pollutants are typical of wastewater from textile industry [34]. MNAs
were tested with different starting concentrations (within the range 400-6000 pg/mL), from
which adsorption isotherms were proposed. From the isotherms, specific parameters were
fitted using a Langmuir model.



Sustainability 2022, 14, 11785

40f13

FeCl, FeCl,

2. Materials and Methods

All the methods and techniques used are explained in detail in the following section.

2.1. MNA Production and Characterization

The magnetic nano-adsorbent based on Fe304—NPs-decorated GO was prepared by
a simple coprecipitation method [35] in the presence of graphene oxide. The production
scheme is summarized in Figure 2. GO was obtained from graphite by a modified Hummers’
method [36] at room temperature. In a typical procedure (Figure 2), 340 mg of FeCl,-4H,0O
and 965 mg of FeCl3-6H,0 (resulting in 350 mg of Fe304) were mixed with 5 mL of GO
suspension (10 g/L, 50 mg) in 50 mL of distilled water. The mixture was stirred for
30 min at room temperature to completely dissolve the iron salts and then treated with
7 mL of NH4OH solution (25% in water) under vigorous stirring, to rapidly increase the
pH to 11. After 1 h of continuous stirring, the nanocomposite was magnetically separated
from the solution, washed with distilled water until neutrality, then with ethanol to remove
the water, and dried under vacuum.

(0.035 M) (0.070 M) '
NH,OH MNAs

(1

GO i to pH > 11 (Fe;0,-NPs-decorated GO)
.00 g/l) (7 ml, 25% wiv)
magnetic

L
A separation

N >
S

wash/ng
(H,0, EtOH) -
and drying -

Figure 2. Synthesis of the MNAs.

The MNAs were characterized by transmission electron microscope (TEM) analysis us-
ing a TEM FEI Tecnai G12 (FEI—Thermo Fischer Scientific, Hillsboro, OR, USA) instrument,
operating at 100 KV at the Electron Microscopy Laboratories (LME) of the Department of
Biology, University of Padova. The sample was prepared by depositing a water-suspension
drop of the nanomaterial on 400 mesh carbon-coated copper grids.

2.2. MNA Testing
The MNAs developed were tested with three different heavy metal ions:

e  Cu®" (copper (II) sulphate, CuSO4-5H,0, 99% Sigma Aldrich, St. Louis, MO, USA)
Ni?* (nickel (IT) chloride, NiCl,-6H,0, 99% Sigma Aldrich)
Cr®* (chromium (III) chloride, CrCly-6H,0, 99% Sigma Aldrich)

Such pollutants are typical of the textile industry, and they are subject of many recent
literature works [37-40].

MNAs were tested with different sets of concentrations. In particular, for chromium
(1II), 500, 600, 1000, 2000, and 5000 ng/L concentrations were tested; for copper (II), 300,
500, 700, 1000, 2000, and 6000 pg/L concentrations were tested; and, finally, for nickel
(II), 1000, 2000, 4000, and 5000 ng/L concentrations were used. These concentrations are
comparable with the values found in wastewater coming from textile industries; this is also
the reason for the non-standardized range of the tested concentrations.

Tests were performed in a stirred lab glass flask (100 mL nominal volume for chromium
and 50 mL for nickel and copper) at 298 K. Keeping stirring speed as low as possible is an
important aspect, as MNAs may be compromised by an excessive mechanical stress. For
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chromium tests, 50 mL of solution was used. For nickel and copper, 20 mL of solution was
abated. MNAs content was 1 g/L for each test.

After loading MNAs in the solution, the vessel was kept at 298 K and stirred for 30 min.
MNA filtration was finally carried out by using a classic neodymium magnet. The treated
liquid was also filtered to eliminate eventual traces of adsorbents. Concentration mea-
surements were carried out by inductively coupled plasma optical emission spectroscopy
(ICP-OES) on a Perkin Elmer Optima 4200 DV (Perkin Elmer Italia S.p.A., Milano, Italy).

Every test was performed according to the following protocol: (a) solution preparation at
target concentration, (b) preparation of the blank sample for starting concentration measure-
ment, (c) loading of water in the flask, (d) loading of the MNAs, (e) stirring at 100 rpm for
30 min (to ensure the reaching of the adsorption equilibrium), (f) MNA separation (magnet +
filtration), and (g) preparation of sample for final concentration measurement.

Finally, the removal efficiency was tested in six mixtures obtained mixing the three
ions at different concentrations. For each mixture 20 mL of solution was treated as for the
tests of single ion solutions, using MNAs at 1 mg/mL.

Adsorption Isotherms

Basing on the difference between initial and final ions concentrations, the correspond-
ing adsorption isotherms were developed. All the adsorption parameters were fitted from
the experimental data according to a Langmuir model, which was expected to give the
best performances in terms of physical description of the adsorption process even if such a
model was originally developed for the description of gas adsorption on solid phases as
activated carbons [40]. According to the Langmuir theory, the adsorption process onto a
solid surface is based on a kinetic principle in which a continuous bombardment process of
molecules onto the surface with corresponding molecules desorption (or evaporation) from
the surface, with zero accumulation rate at the surface, occurs [41]. Practically, the rates of
adsorption and desorption should be equal (equilibrium conditions).

Such an adsorption model is very versatile and can be simply extended to characterize
different adsorption processes, such as the adsorption of metal ions dissolved in aqueous
solutions on MNAs.

The Langmuir isotherm model can be described by Equation (1):

Heqg = 7(12:? Zeq.ge @
eq e

where Qg; and be; are constants, C, represents the equilibrium concentration of the com-
pound to be removed from the fluid phase, and 7, is the equilibrium load of the same
compound onto the adsorbent. Obtaining effective equilibrium conditions (both for fluid
and solid phases) is experimentally very difficult as it requires a constant compound con-
centration in the fluid phase until the maximum load onto the solid phase at that compound
concentration is reached.

Because of this feature, modified adsorption isotherms have been proposed throughout
the scientific literature.

In particular, referring to the adsorption of different metal ions (that is, copper,
chromium, and nickel) on the MNAs dispersed into an aqueous solution, Equation (1) can
be modified as follows (Equation (2)):

_ Qmax’b'CO _ (Cend — CO)‘Vsol (2)
Tend = 11h.Cy MMN As

where Q. and b are constants, Cy represents the initial concentration of the metal ion(s)
(umol/L) into the analyzed solution (fluid phase), C,, is the concentration of metal ion(s)
in fluid phase at the end of the treatment, V;,; is the volume of the aqueous solution (L),
mpN As is the mass of MNAs used for a single treatment (mg), and 7,4 is the final load of
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metal ion(s) which is adsorbed onto the MNAs (umol/mg). The removal (or adsorption)
efficiency, x, is evaluated as it follows (Equation (3)):

X = C0 — Cend

G ©)

Isotherm-specific parameters were fitted according to a non-dominated sorting genetic
algorithm, NSGA-II [42]. The design variables to be found (Q.x and b) are the coefficients
of the Langmuir function in Equation (2).

These values were designed to minimize two objective functions: f1 (Equation (4)),
the sum of the square of the point-to-point difference of the N measured values with
respect to the ones evaluated by Equation (2) at different concentration of the initial
solution [Cy] I=1, ..., N, and, f» (Equation (5)), the minimization of the maximum of the
point-to-point discrepancy between the measured values and the ones evaluated by the
model in Equation (2). Then, the optimization problem is based on the following objective
functions, to be minimized:

fi= i(xm,i([co,i]) - Xf,i([co,i]))2 4)
fo= max (| Xui([Col) — Xpi(1Cou))|) ©)

where X, is the experimental value of 7,,,; as derived from the right side of Equation (2)
and X; is the value of 7,4 as estimated by the Langmuir model (that is, the left side of
Equation (2)). The optimization problem is solved by using a genetic algorithm in the class
of non-dominated sorting genetic algorithm, NSGA-II [43]. In particular, the modified
version in which the periodic migration of sub-population is considered was applied.

This algorithm considers an initial population of N; = 40 individuals, the set of N; =2
design variables, and a 1 x array of N; values, that combine between themselves in order to
obtain a child population added to the original population (up to 2 N; individuals). Using a
selection operator, a set of 40 individuals, the best ones, in terms of minimization of the two
objective functions f1 and f», are selected to survive and the algorithm iterate to generate a
new population. The algorithm stops after 200 iterations. The solutions on the Pareto front
represent the improved solutions in terms of objective functions.

3. Results and Discussion

In the following, results concerning the production and the application of MNAs
are reported.

3.1. MNA Characterization

Figure 3 reports the TEM images of the MNAs at different magnifications. The GO
nanosheets had irregular shapes and sizes ranging from 200 to 500 nm. The MNAs were
composed of a few sheets of GO with bounded magnetic nanoparticles which were not
evenly distributed in the GO surface but tended to form aggregates closer to the sheet’s
borders, leaving wide sections of the surface areas of GO free for adsorption. The magnetite
NPs generally showed a rounded shape, and a granulometric size distribution centered
around 7.2 nm (standard deviation = 2.4 nm; about 300 NPs were measured).



Sustainability 2022, 14, 11785

7 of 13

Diameter distribution of NPs
80

70
60
50
c 40

3 45 6 7 8 9 101112
Size (nm)

Figure 3. TEM images of the MNA nanosheets and size distribution of the magnetite nanoparticles.

3.2. MNA Isotherm Evaluation

For the selected ions, the isotherms were experimentally evaluated. All tests were
performed, in triplicate, at 298 K. Table 1 reports in detail the results for chromium (III).
With ion concentrations below 1100 png/L, the adsorption efficiency was always above 0.97,
showing that the equilibrium state was reached at higher removal-efficiency values. Above
1100 ug/L, x decreased progressively till reaching values of less than 0.45 for 5000 pg/L
(where a maximum load of 2.23 mg/g was reached). Compared with other literature works
using different adsorbents [36,37], the adsorption capacity was relatively low, but in these
works concentrations up to 50 ppm were tested; which very different to the values tested in
the present work (up to 5 ppm). In addition, all tests were performed at neutral pH, so it
was not required to adjust it to achieve an optimal adsorption.

Table 1. Concentrations, load, and removal efficiency for chromium (III) tests.

Cr3t #1 #2 #3 #4 #5
Co, ng/L 440+ 1 580 + 1 1060 + 10 1810 + 10 4990 + 10
Cond, ng/L 10+1 10+1 17 +1 370 £ 1 2760 + 10
Hend, MG/ & 0.43 0.57 1.04 1.44 2.23
X, - 0.977 0.983 0.984 0.796 0.447

For copper, the main results are reported in Table 2. Results were similar to chromium,
but efficiency appeared to be lower at low starting concentrations. This may have been due
to a minor residue of MINAs not entirely removed from the treated water. At 6.43 mg/L
of Cu?* concentration, the adsorption capacity was 4.56 mg/g, with a removal efficiency
equal to 0.710. The adsorption capacity was comparable to other works [39], considering
the neutral pH.

Table 2. Concentrations, load, and removal efficiency for copper (II) tests.

Cu?* #1 #2 #3 #4 #5 #6
Co, ng/L 296 + 1 501 +1 690 + 1 1020 +10 2000+ 10 6430 + 10
Cond, 1g/L 26+ 1 45+1 49+1 54 41 185+ 1 1865 + 10
Nend, MG/ & 0.27 0.46 0.64 0.97 1.81 456
X 0.912 0.910 0.930 0.947 0.907 0.710

Finally, results for nickel are reported in Table 3. Adsorption efficiency steadily
increased with initial concentrations, with 0.914 at 935 ng/L and 0.566 at 5120 pg/L
starting concentrations. The maximum achieved load of nickel (II) ions was found to be
2.90 mg/g, which was higher than that for chromium under similar starting concentrations.
Even in this case, results were similar to the ones reported in other works [39].
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Table 3. Concentrations, load, and removal efficiency for nickel (II) tests.

Ni%* #1 #2 #3 #4
Co, ng/L 935+ 1 1900 + 10 3980 + 10 5120 + 10
Cend, ng/L 80.4 298 1700 2220
Hend, ME/E 0.85 1.60 2.28 2.90
X 0.914 0.843 0.573 0.566

Given the experimental results of absorption efficiency, the parameters of Equation (2)
were evaluated solving the optimization problem. Figure 4 represents the f1—f, diagram,
the Pareto fronts found using NSGA-II, for the three analyzed elements, Cu, Ni, and Cr,
normalized to the maximum of the function obtained by minimizing the objective func-
tions in Equations (4) and (5). Each point in the diagram corresponds a set of values for
the design variables. In each front the black points represent the trade-off set of design
variables. The values of two of the design variables are reported in Table 4 and used to fit
the experimental data by means of the Langmuir function. Table 4 reports the Langmuir
parameters. The Langmuir function showed a very good agreement with experimental
data, showing a minimizing function f; always lower than 2-10~5. The correlation coef-
ficient was also always equal or greater than 0.99. This aspect evidences a single-layer
adsorption, which is well-described by the Langmuir model. The maximum monolayer
adsorption capacity ranged between 3.42 and 31.3 mg/g (MNA). The maximum value of
adsorption load was found for copper (II), with a significant greater compatibility with the
nanoparticles studied.

1.05
A Cu

100 @ Ni
' 8 ‘A oCr

o
B8
AM % A solution Cu
—0.95 fx % W solution Ni
Q

5 % M% @ solution Cr
£ °g
+£'0.90 Q
» © 0o o0 ° op Ay,
® 0 00 09 A sy

0.85

0.80
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 1.02

f,/max(f,)

Figure 4. Pareto fronts for the three ions normalized to the maximum of the objective function. Black
points represent the objective values corresponding to the chosen solution.

Table 4. Langmuir and fitting parameters from NSGA-II optimization algorithm for the investigated ions.

Cr3+ Cu2+ Ni2+
Qumax [mg/g(MNA)] 3.42 31.3 5.45
b[L/mg] 0.38 2.75-1072 0.20
f1 3.92:107° 1.74-107° 1.39-107°
f2 1.21-1073 2.86:1073 2.44-1073
R? 0.9978 0.9987 0.9900

Figure 5 shows the results of the fitting of the Langmuir isotherm of the experimental
data. The results, which were in accordance to the Langmuir hypothesis, highlight the
prevalence of monolayer adsorption as the controlling mechanism for the adsorbent tested.
According to Figure 5, it is reasonable to assume that Cu adsorption capacity may have
increased still further at higher concentration values.
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Figure 5. Comparison among different ions with same MNA concentration (1 mg/mL) and tempera-
ture (298 K).

To carry out a preliminary test of the reliability of the previously proposed isotherms,
six different mixtures of the three tested ions were prepared. The initial composition of the
mixtures together with the results obtained after the treatment with 1 mg/mL of MNAs are
reported in Table 5.

Table 5. Data for chromium (III), nickel (II), and copper (II) removal and equilibrium loads.

# CO,Cr CO,Cu CO,Ni Xcr XCu XNi Hend,Cr Hend,Cu Hend Ni
- [ngc,/L] [ugcu/L] [ugni/L] - - - [ngc/mgl  [pgcu/mgl [pgni/mgl
(a) 430 £ 1 293 +£1 937 £1 0.977 0.927 0.859 0.42 0.63 0.81
(b) 1830 £ 10 316 £1 1030 £ 10 0.888 0.809 0.645 1.625 0.140 0.665
(c) 1860 4+ 10 500+ 1 1850 4+ 10 0.812 0.827 0.539 1.51 0.222 0.997
(d) 4540 £10 1050 +£10 5090 4+ 10 0.454 0.680 0.167 2.06 0.157 0.85
(e) 4690 + 10 317 £1 1060 £+ 10 0.480 0.769 0.334 2.25 0.052 0.354
(f) 1830 + 10 987 +1 5100 + 10 0.849 0.854 0.284 1.55 0. 461 1.45

Figure 6 reports the comparison among experimental data (see Table 5) and predicted
values of the ion(s) load on the selected magnetic nanoparticles (NP).
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Figure 6. Comparison among experimental and predicted data for the six ion mixtures detailed in
Table 5. Starting concentrations: (a) 430 pug/L (Cr), 293 pug/L (Cu), 937 ug/L (Ni), (b) 1830 ug/L (Cr),
316 pug/L (Cu), 1030 pug/L (Ni), (c) 1860 ug/L (Cr), 500 pg/L (Cu), 1850 pg/L (Ni), (d) 4540 ug/L (Cr),
1050 ug/L (Cu), 5090 ug/L (Ni), (e) 4690 ug/L (Cr), 317 ug/L (Cu), 1060 ug/L (Ni), (f) 1830 ug/L (Cr),
987 ug/L (Cu), 5100 pg/L (Ni).

As can be seen from Figure 6, all the equilibrium loads predicted using a competitive
Langmuir isotherm for the three ions gave results within the range of the experimental
uncertainty (which was 0.5 times the measured value). Minor deviations were found
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for copper only, precisely for mixtures (a) and (e), where the Langmuir model predicted,
respectively, lower and higher loads with respect to the experimental evidence. Such a
behavior could be due to the high affinity of copper ions for the proposed MNAs.

4. Conclusions

In this study, magnetic nanostructured adsorbents were developed and tested for the
removal of different metal ions (Cr3*, Ni?*, and Cu?*) at 298 K. From these data, single
adsorption isotherms were determined and, successively, tested with six different mixtures
of the three studied metal ions. The maximum overall adsorption efficiencies obtained
when testing single-ion solutions were over 98% for chromium (III), 94% for copper (II),
and 91% for nickel (II). Regarding the mixtures of the three different ions, the maximum
removal efficiencies slightly decreased for nickel (II) (maximum 86%) but seemed to be not
affected for chromium (III) and copper (II).

The capacity for removing one-pot a mix of pollutant is an extremely valuable feature
for wastewater treatment, as real samples are indeed made of a mix of pollutants rather than
a single component. The proposed MNAs showed a good removal efficiency even using
very different mixtures of Cr®*, Ni?*, and Cu?* and the predictions using a competitive
Langmuir model were confirmed by the experimental tests.

Both synergistic and antagonistic effects should be further investigated in future
studies, even considering the dynamic adsorption behavior of different metal ions.
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