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Abstract: A novel adsorbent material based on microaggregates of Fe304 magnetic nanoparticles
functionalized with succinic acid has been developed. The magnetic aggregates (MA) were char-
acterized in terms of the size distribution (master sizer analysis), morphology (TEM), chemical
structure (IR-spectroscopy and XRD), magnetic properties (VSM), and Z-Potential. The effects of
various parameters such as contact time, dosage of magnetic aggregates, the amount of succinic
acid on the magnetic aggregates on the adsorption capacity, as well as the efficiency of the treat-
ment in the adsorption of two transition metals, copper (Cu) and zinc (Zn) from real wastewater,
were investigated. The kinetic behavior was analyzed by using the Lagergren pseudo-first-order,
pseudo-second-order, and Elovich and intra-particle diffusion models. Langmuir and Freundlich’s
models were applied to simulate the adsorption equilibrium. The magnetic aggregates reached the
equilibrium condition relatively fast, within 10 min. Magnetic aggregates with a higher amount
of succinic acid in their formulation showed a higher adsorption capacity of the two metals in all
the experiments. This is consistent with the adsorption mechanism mainly based on electrostatic
interaction between the metal ions and the negative charges on the surface of magnetic aggregates.
A higher adsorption capacity for the removal of copper compared to zinc was found. Additionally,
the electrochemical characterization of the magnetic aggregates was done as a preliminary study for
proposing a regeneration method of the MA along with the extraction metals adsorbed based on an
electrochemical process.

Keywords: transition metals; magnetic aggregates; wastewater treatment; nanomaterials; metals
remediation

1. Introduction

Transition metal removal from industrial wastewater is of paramount importance
due to the harmful effects of heavy metals on human health and the environment. For
such reasons, water treatment for the removal of heavy metals has engaged numerous
applications and technologies over the last decades, although more research is required
to improve such technologies. Treatment methods are classified as chemical, physical,
and biological and their selection takes into consideration several features as well as their
limitations [1]. The most-used methods for the removal of transition metals from industrial
wastewater include adsorption, cementation, membrane filtration, electrodialysis, and
photocatalysis, although the selection of the most suitable method depends on a series of
parameters: cost, environmental impact, metal concentrations, and pH values [1,2].

Two of the most common transition metals used by the electrical and the electroplating
industry are copper and zinc. In this regard, it is important to consider that copper, even in
small amounts, is highly toxic for humans and it has the ability to accumulate in the food
chain. Despite this, copper is worth recovering from wastewater because of its high price
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and market demand [3]. Up-to-date, various methods have been employed for recovering
copper ions from wastewater, including traditional methods such as co-precipitation and
electrochemical processes and more alternative technologies such as membrane filtration
and ion exchange technologies [3]. Interestingly, such methods pose some significant limi-
tations to their use due to the high cost, high energy consumption, expensive equipment,
and incomplete metal removal [2]. On the other hand, zinc is frequently used in industrial
processes such as in the steel, batteries, and paint production chains as well as in the plating
industry, which generates wastewater with a high concentration of zinc [4,5]. Despite the
fact that zinc is essential for several metabolic processes, in high concentrations, it is harm-
ful to both human health and the environment [5,6]. In the case of zinc, absorption is one
of the most effective methods for removing heavy metal ions from wastewater, although
there is still need for improvement in the development of absorbent materials [5].

In recent years, great effort has been dedicated to the development of magnetic nano-
particles that can efficiently capture transition metals from industrial wastewater. Several
studies have demonstrated the efficiency of different types of magnetic materials in water
treatment and, in particular, in the removal of toxic metal ions [7-17]. Specifically for the
removal of metals, different types of MA and magnetic bead functionalized with polymers
have been used [8,18-21]. However, such materials usually require a multi-step process for their
production and functionalization is done after the formation of Fe304 nanoparticles [9,19,20].
Here, functionalized magnetic aggregates composed of magnetic nanoparticles that have
been functionalized with succinic acid in a one-step process have been used in order to
study the capture of copper and zinc ions from real wastewater samples. Contrary to
what has been reported by Singh et al. [17], the nanoparticles in the present study form
micro-sized aggregates, which, in a possible large-scale industrial application, could be
handled easier with fewer health and safety and environmental concerns in respect to
nano-sized particles [22,23]. Magnetic aggregates were synthesized and functionalized by
co-precipitation of Fe(II) chloride and Fe(IlI) chloride in an alkaline solution containing
succinic acid. The ferromagnetic core has superparamagnetic-like properties that can be
used for the separation of the magnetic aggregates from the treated solution. Succinic acid
acts both as a stabilizer and as a selective anionic coating bonded through a covalent bond
and is thus selective for the metal cations used in this study. MA were characterized and
tested for Cu?* and Zn?* removal from aqueous solutions. Important factors affecting
absorption efficiency such as coating percentage and contact time as well as desorption for
ion recovery were investigated. Lastly, preliminary experiments were conducted to explore
the possibility to regenerate the magnetic aggregates through an electrochemical process,
extracting at the same time the pollutants that can be used again as raw materials.

2. Materials and Methods
2.1. Sample Preparation

Magnetite nanoparticles and their aggregates were synthesized according to the recipe
provided by Captive Systems. The magnetic aggregates were produced according to a
one-step co-precipitation reaction in a basic environment following the method previously
reported [24]. A solution of Fe(II) chloride (commercial grade, p.c. FER008000000, Brenntag)
and Fe(III) chloride (commercial grade, p.c. FER006000000, Brenntag) in molar ratio 1:2 was
prepared. According to the stoichiometry of the reaction, sodium hydroxide was dissolved
in water to obtain the basic solution. Functionalized magnetic aggregates with negatively
charged surfaces (Figure 1) were obtained by adding succinic acid (commercial grade, p.c.
203-740-4, Brenntag) into the basic solution. Two different percentages of succinic acid with
respect to the weight of MA were used to obtain MA with 5% w/w and 10% of the coating
compared to the magnetite core.
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Figure 1. Formation reaction and structure of aggregated nanoparticles coated with succinic acid.

The Fe(II-III) chloride and the sodium hydroxide solutions containing succinic acid
were pumped through two syringe pumps with a flow rate of 25 mL min~!, into a mixing
device that guarantees a turbulent flow. The co-precipitation reaction takes place in
the mixing device, resulting in the formation of magnetic aggregates of functionalized
nanoparticles. The MA were collected into a beaker and then aged for 30 min under low
stirring to stabilize the aggregates. The excess sodium hydroxide and sodium chloride
produced during the co-precipitation reaction was removed through a series of washing
cycles with distilled water and centrifugation (Sorvall™ ST 8 Benchtop Centrifuge, Fisher
Scientific, Munich, Germany) until the pH of the solution resulted neutral.

2.2. Sample Characterization

Fourier transform infrared spectroscopy (FTIR) analysis was performed to check
the effective presence of the coating on the surface of the MA with succinic acid. The
measurements were done on dried MA supported on HBr support using an FTIR spec-
trophotometer (Thermo Fisher Nicolet 380, Fisher Scientific, Munich, Germany) in a wave
range of 4000-0 cm ! with a resolution of 5 cm ! according to the transmittance method.

A transmission scanning microscope (TEM) (PHILIPS CM200, Philips Electron Optrics)
was used to determine the dimension and morphology of the produced magnetite aggre-
gates. X-ray diffraction analysis (XRD) (Philips model PW1830. Ko1Cu = 1.54058 A, Fei
Electron Optics Bv, Eindhoven, Netherlands) was used to define the microstructure of the
oxide. The particle size distribution of the aggregates was measured using MasterSizer 3000
(Malvern Panalytical, Monza, Italy) while the Z-potential was obtained by using Zetasizer
Nano ZS DLS (Malvern Panalytical, Monza, Italy). Magnetic properties were measured
using VS) M (EZ9, MicroSense). B Brunauer, Emmett, and Telle analysis (BET) was used to
determine the skeletal density and the specific surface area (NovaTouch, AntonPaar).

2.3. Adsorption Test

The synthesized MA were used to remove and recover copper ions from industrial
wastewaters. The wastewaters were provided by Gaser Group, an Italian electroplating
company. The first wastewater sample (sample 1) was contaminated only with copper in a
concentration of 350 mg/L at pH 6.9, and the second sample (sample 2) containing both
copper and zinc in a concentration of 138 mg/L and 126 mg/L, respectively, at pH 7.2. The
adsorption tests were conducted in batch mode using 100 mL of wastewater and adding to
the sample the solution containing the MA and stirring with a magnetic stirrer. The stirring
was stopped at different time points during the test (from 1 min to 120 min) and the MA
were collected on the bottom of the beaker using a neodymium magnet. The resulting
solution was analyzed through Inductively Coupled Plasma Mass Spectrometry, ICP-MS,
(Optima 8300, Perkin Elmer, Milan, Italy), to evaluate the residual amount of metal ions
after the treatment. The effect of contact time on the efficiency of the MA in removing metal
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ions was tested. Two different amounts of MA were employed with a maximum contact
time of 2 h. The efficiency (n) was calculated as in Equation (1):

n=(C —Cp/C x 100 M

where C; and C¢ represent the initial and the final concentration of the metal ions in the
supernatant (mg L-b.

At a fixed contact time, the mass balance reported in Equation (2) was used to determine
the adsorbed amount of metal ions per gram of MA (Q, mg of metal ion g~ ! of MA):

Q=[G — C)/mMA]V @

where C; and C; represent the initial and the final concentration of the metal ions in the
supernatant (mg L~!), mMA is the amount of MA used in the test (g), and V is the volume
of the sample (L). When the adsorption process reaches the equilibrium, Q indicates the
maximum adsorption capacity, Qmax, and Cg, the equilibrium concentration, Ce.

2.4. Electrochemical Characterization

Electrochemical characterization of the MA was done by a cyclic voltammetry test. A
standard three-electrode setup was employed, which consisted of a platinum wire counter
electrode (CE), an Ag/AgCl reference electrode (RE), and a working electrode (WE), i.e.,
MA deposited on an inert substrate. The latter, a fluorine-doped tin oxide (FTO) coated
glass, assured the electrical contact with the magnetite particles, deposited through drop-
casting method, allowing to investigate the activity of Fe3O4 particles. A typical working
electrode fabrication comprised the drop-casting of 20 uL of an aqueous solution containing
20 g/L Fe3Oy particles onto a 1 cm? substrate area, the geometrical area in direct contact
with the electrolyte solution. The ink was dried at 40 °C on a hotplate until the complete
evaporation of the solvent occurred. To limit the ohmic contribution, the reference electrode
was placed in the proximity of the working electrode, allowing a proper measurement
of the electrochemical signal. The voltammetric investigation was carried outina 0.1 M
NaSOy solution, at pH 5.5. Before the test, the MA were immersed in two control solutions
containing zinc or copper ions, and thoroughly washed.

3. Results and Discussion
3.1. MA Characterization

The synthesis conditions selected resulted in the formation of stable micron-sized ag-
gregates of unitary nanoparticles with an average diameter of 10-15 nm. Figure 2c,d show
TEM images of MA with 10% w/w of coating. This specific geometry allows maintaining
the advantages in terms of the extremely high surface area of the nanomaterials, avoiding
the problem of the separation of nano-sized compounds thanks to the micron-size of the
aggregates. Comparing the diffraction pattern (Figure 2a) obtained with TEM measure-
ments to those collected with a conventional XRD apparatus (Figure 2b), it is possible to
notice that only characteristic reflection peaks corresponding to pure magnetite (Fe3O4) are
present and not peaks belonging to other iron oxide forms such as maghemite (Fe;O3).

The effective formation of the organic coating on the magnetite particles was evaluated
through Fourier Transformed Infrared (FTIR) spectroscopy. The spectrum of succinic acid
(Figure 3a) was taken as reference. Figure 3b shows the FTIR spectrum of the MA coating
with succinic acid, where it is possible to observe the characteristic peaks of the succinic
acid at about 1633 cm~!. The peak related to symmetric stretching of the carboxylate group
is at 1537 cm ™! and at about 1400 cm ™! that of the C-Hj scissoring. The characteristic
peaks of the O-H of carboxylic groups are present between 3000 and 3500 cm~!. The
characteristic peaks of magnetite appear at 400 and 550 cm ™. The small peak at 1025 cm ™!
is related to the C-O stretch. The peak representing the C=0 bond of saturated carboxylic
acids, which is usually located at 1700 cm 1, is no longer present, supporting the fact that
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the coating binds the Fe-O of the MA through carboxylate groups. The results confirmed
the effective functionalization of the magnetite surface.
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Figure 2. MA (a) TEM diffraction pattern. (b) Diffraction pattern collected with XRD apparatus
for succinic-coated magnetite nano-aggregates and XRD reference pattern of Fe3O4 from the Joint
Committee on Powder Diffraction Standards (JCPDS), no. 75-0449. (c,d) TEM images. Scale bars:
1 um (c), 20 nm (d).
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Figure 3. FTIR analysis (a) spectrum of succinic acid, and (b) MA coated with succinic acid.
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The effect of the concentration of the succinic acid on the size distribution of the coated
nanoparticle aggregates was evaluated. Figure 4a,b report the results of the analysis of
the aggregates obtained with two different percentages w/w of succinic acid compared
to the weight of magnetite core. Using 10% w/w of succinic acid results in aggregates
with an average diameter of 30 um (Figure 4a). Decreasing the coating to a percentage of
5% w/w leads to aggregates with a dimension of 50 pm (Figure 4b) due to the effect of
the succinic acid acting as a stabilizer. The coating is expected to cover the surface of the
nanoparticles, preventing aggregation. Succinic acid guarantees a negative charge on the
surface of nanoparticles and this negative charge acts as a repulsive force, preventing the
agglomeration [25,26].
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Figure 4. Particles’ size distribution of aggregates with (a) 10% w/w of coating and (b) 5% w/w of coating.

MA show a good magnetic saturation (M) at room temperature and 20KOe (Figure 5a).
MA with 5% w/w of coating have a M of 22.7 emu/g, while the those with 10% of coating
have an M of 19.5 emu/g. This was expected indeed, since the MA with 10% of coating
have more non-magnetic mass on them. The coercivity measured was 28.5 Oe and 37.6 Oe,
respectively, for MA with 5% and 10% of coating (Figure 5b); thus, these materials have a
superparamagnetic-like behavior.
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Figure 5. VSM curve of functionalized MA at room temperature. (a) Magnetic saturation, (b) coerciv-
ity behavior.

The BET surface area and the skeletal density were found to be 85.6 m? g~! and
6.24 g cm ™2 for the MA with 10% of coating and 62.9 m? g~ ! and 4.12 g cm 3 for the MA
with 5% of coating. The zeta potential at pH 7 was —31.3 mV and —21.6 mV, respectively,
for the MA with 10% of coating and for the MA with 5% of coating, while the Z-potential
of bare magnetite is —0.8 mV. These results agree with the type of coating used, which
provides negative charges on the surface of the particles.

3.2. Adsorption Tests

Experiments were carried out to establish the contact time needed to reach the adsorp-
tion equilibrium. This condition is found when the MA reach their maximum adsorption
capacity and efficiency and indicates the contact time needed for performing an efficient
treatment. This information is crucial for the correct design of the treatment equipment.
Short contact time for reaching the equilibrium means a small size reactor and space
needed, thus lower costs. The experiments were carried out in batch mode in 100 mL of
each of the wastewater samples (sample 1 and sample 2). MA with different percentages of
coating (5-10% w/w) and a dosage of 1000 ppm were used for the experiments that had
a duration of 120 min. Samples of treated water were taken for the ICP-MS analysis at
different time points. The efficiency was measured as reported in Equation (1).

3.2.1. Single-Ion Adsorption

Results obtained from sample 1 measurements (containing only copper ions) show
that a short contact time was sufficient to achieve the adsorption equilibrium, as explained
by the adsorption mechanism considered [27]. The uptake of metal ions takes place on
the surface of MA by monolayer adsorption and the contribution of limitation due to
internal diffusion resistance is negligible. At a MA dosage of 1000 ppm, the maximum
adsorption capacity (Q) was reached within 10 min of contact time and then reached a
plateau (Figure 6), indicating that the adsorption process reached the equilibrium.

It was observed, that, while the time for reaching the adsorption equilibrium is not
correlated to the percentage of coating, the value of the maximum adsorption capacity
depends strictly on the amount of coating used in the MA. The MA with 5% w/w of succinic
acid had a maximum adsorption capacity Qmax of 122 mg of copper (Cu®*) for a gram
of MA. Increasing the amount of coating to 10% w/w, the Qmax increased to 153 mg of
copper (Cu?*) for a gram of MA. The adsorption mechanism is driven by physio-chemical
interactions, mostly represented by electrostatic attractions between the metal ions and
the hydroxyl groups present on the surface of the MA. Increasing the amount of coating
during the synthesis of the MA resulted in more hydroxyl functional groups available for
the adsorption of metal ions; thus, the efficiency of the treatment is enhanced [28,29].
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The effect of the dosage of MA on the adsorption capacity of copper (Cu?*) was studied
by performing a series of batch experiments in 100 mL of sample 1 using MA with 5% w/w
and 10% w/w of coating. Taking into consideration the results from previous experiments,
it was decided to use a contact time of 30 min to ensure adsorption equilibrium. Figure 7
shows the behavior of the maximum adsorption capacity Qmax, calculated according to
Equation (2), at increasing dosages of MA (from 100 to 1000 ppm). The trend of the treatment
efficiency at various dosages, calculated according to Equation (1), is also reported.
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Figure 7. Effect of the dosage on adsorption capacity vs. efficiency. (a) MA with 5% w/w of coating;
(b) MA with 10% w/w of the coating, pH 6.9.

From the results obtained, an optimal dosage to optimize the maximum adsorp-
tion capacity related to the efficiency of the treatment can be defined. The ideal dosage
would maximize the interactions between metal ions and adsorption sites present on the
MA [30,31]. Increasing the dosage of MA led, firstly, to a linear increase of efficiency
while the adsorption capacity remained constant. Further increase of the dosage led to a
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slight increase in the efficiency of the treatment, while the adsorption capacity decreased
drastically. In the case of MA with 5% w/w coating (Figure 7a), the maximum Q was
144 mg of Cu?* per gram of MA at a dosage of 500 ppm with an efficiency of the treatment
equal to 20%. Doubling the dosage to 1000 ppm, the adsorption capacity was 30% lower
while the efficiency of the treatment increased by 10%. The maximum adsorption capacity,
using MA with 10% w/w coating (Figure 7b), was equal to 188 mg of Cu?* per gram of
MA at a dosage of 750 ppm, with a corresponding efficiency of the treatment equal to 40%.
Increasing the dosage of the MA to 1000 ppm led to an enhancement of efficiency of 3%,
while the adsorption capacity decreased to 150 mg of Cu®* per gram of MA (18% lower).
Increasing the dosage of the MA would raise the number of available adsorption sites,
leading to a significant enhancement of the removal efficiency. Over a threshold dosage,
the adsorption capacity decreased and the efficiency enhancement became slower. This
behavior could be due to a high concentration of MA in water that led to an aggregation of
particles during the mixing process. Despite the fact that the concentration of MA in water
increased with the higher dosage, the total surface available for the adsorption decreased
due to the formation of aggregates of higher dimension, with a consequent reduction in
the adsorption capacity [32-34]. This explanation may be supported by the fact that MA
with 10% w/w of coating presented the decay of adsorption capacity at higher dosage
due to the higher stability towards aggregation. Another explanation, reported in other
studies, is attributed to induced metal ions desorption from the particles’ surface at higher
dosage [35].

In the FI-IR spectrum of the MA after the adsorption of copper (Figure 8), the character-
istic peaks of the O-H of carboxylic groups that are present between 3000 and 3500 cm ™!
disappeared, confirming that the metal ions are adsorbed on the MA through these moieties.
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Figure 8. FTIR spectrum of the MA with 10% of coating after the adsorption of copper ions.

3.2.2. Double-Ion Adsorption

A short contact time to reach the adsorbent equilibrium was observed also in the
experiments conducted on sample 2, which contained copper and zinc as pollutants. The
experiments were carried out as previously described, using a dosage of 1000 ppm. Figure 9
shows that the maximum adsorption capacity was reached within 10 min and then the value
remained stable at longer contact times. These experiments confirmed that the efficiency
in the removal of metal ions is higher for the MA with a higher content of succinic acid.
The values of Qmax are higher in the case of experiments done with MA with 10% w/w
of coating (Figure 9b) in comparison with the ones obtained with MA with 5% w/w of
coating (Figure 9a). Of note, a difference in the efficiency was found for the two types of
metal ions. The maximum adsorption capacity in the removal of copper was higher than
the one of zinc in both the cases of using MA with 10% w/w and 5% w/w of the coating:
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62 mg of Cu?" per gram of MA vs. 53 mg of Zn?** per gram of MA using MA with 10%
w/w of coating, and 37 mg of Cu®* per gram of MA vs. 33 mg of Zn?" per gram of MA
using MA with 5% w/w of the coating. This behavior was attributed to the dependence of
the adsorption mechanism on the electrostatic interactions and the difference in the size
of hydrated ionic radii (zinc 4.35 A > copper 4.19 A, Qzinc < Qcopper). The higher the
hydrated ionic radius, the greater the distance from the adsorption negatively charged sites
on the MA, resulting in weaker adsorption and thus a lower adsorption capacity [28,36,37].
The effect of dosage on the adsorption capacity versus the efficiency of the treatment was
also studied for sample 2 wastewater. Figure 8 shows the dependence of the adsorption
capacity vs. efficiency at different MA dosages. The general trend observed in the treatment
of wastewater containing both metal ions was in line with the one observed in the case of
wastewater polluted with a single metal ion (sample 1). The adsorption capacity remained
constant while the efficiency increased linearly by increasing the dosage of the MA. After a
certain dosage, 500 ppm for the experiment conducted with the MA with 5% w/w of coating
(Figure 10a), and 750 ppm for the experiment conducted with the MA with 10% w/w of
coating (Figure 10b), a decrease in the adsorbent capacity was observed while the efficiency
of the treatment rose at a slower rate.
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Figure 9. Effect of contact time on the adsorption capacity in the removal of Cu?* and Zn?*. (a) MA
with 5% w/w coating and (b) MA with 10% w/w coating, pH 7.2.
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Figure 10. Effect of contact time on the adsorption capacity in the removal of Cu>* and Zn?*. (a) MA
with 5% w/w coating and (b) MA with 10% w/w coating, pH 7.2.

3.3. Adsorption Isotherm

Langmuir and Freundlich’s adsorption isotherm models were used to understand the
adsorption mechanism of the Cu?* and Zn?* ions on the functionalized MA. This analysis
is crucial to understand how the adsorbed compounds interact with the surface of the MA.

Langmuir’s model assumes that the adsorption process takes place at specific homo-
geneous sites within the adsorbent and all sorption sites are identical and energetically
equivalent. According to Langmuir’s model, once the sites of the adsorbent are filled, there
is no possibility of further adsorption. The surface of the adsorbent reaches a saturation
point corresponding to a maximum adsorption capacity Qmax. This model is commonly
used in monolayer adsorption processes. The linear form of the Langmuir isotherm is
expressed by the following equation:

1/(Qe = 1/Qmax +1 (KL Qmax Ce)_l (3)

where Qmax is the maximum amount of adsorption with complete monolayer coverage
on the adsorbent surface (mg g~!), K is the Langmuir constant related to the energy of
adsorption (L mg~!), and Q. and Ce Q indicate, respectively, the adsorption capacity at
equilibrium and the equilibrium concentration. The Langmuir constants Ky and Qmax
were calculated from the linear plot of 1/Ce versus 1/Qe. The Ky, parameter is used for
predicting the affinity between the sorbate species and sorbent compound, thus when
adsorption is favorable or unfavorable, through a dimensionless constant called separation
factor or equilibrium parameter (Rp).

RL = 1/(1 + KLCO) (4)

where Cy (mg L) is the initial concentration of the ions. The value of Ry indicates if the
absorption process is irreversible (Rp, = 0), linear (Ry, = 1), unfavorable (R, > 1), or favorable
(0O<Rp <1).
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The Freundlich isotherm is commonly used to describe heterogeneous systems and
reversible adsorption, which is not always related to monolayer formations. It gives
information about the heterogeneity of the adsorbent surface. The linear form of the
Freundlich adsorption isotherm is expressed as:

Log(Qe) = log(Kf) + 1/n log(Ce) 5)

where Ky is the Freundlich constant and it indicates the adsorption capacity, n is an
empirical parameter related to the intensity of adsorption. The value of n is correlated
to the heterogeneity of the adsorbent and, for favorable adsorption processes, the value
of n is comprised in the range of 1-10. The value of K and n were calculated from the
intercept and slope of the linear plot of log Ce vs. In Q.. Figures 11-14 represent plots of
the experimental data based on the Langmuir and Freundlich isotherm models for all the
series of experiments performed in this work.
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Figure 11. Adsorption isotherm for adsorption of Cu?* using MA with 10% w/w of the coating.
(a) Langmuir model and (b) Freundlich model.
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Figure 12. Adsorption isotherm for adsorption of Cu?* using MA with 5% w/w of the coating.
(a) Langmuir model and (b) Freundlich model.
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Figure 13. Adsorption isotherm for adsorption of Cu?* and Zn %* using MA with 10% w/w of coating.
(a) Langmuir model and (b) Freundlich model.
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Figure 14. Adsorption isotherm for adsorption of Cu?* and Zn?* using MA with 5% w/w of coating.
(a) Langmuir model and (b) Freundlich model.

Tables 1 and 2 report all the models” parameters obtained by fitting the experi-
mental data within both the isotherm models. Table 1 collects the results belonging to
single-ion adsorption experiments; Table 2 collects the results regarding the double-ion
adsorption experiment.

Table 1. Isotherm constants for the adsorption of Cu®*.

% Coati / Langmuir Model Freundlich Model

%o Coating w/w
& Omax (mg g=1) Ky (Lm™1) Ry Range r n Kg r?
5 148.5 0.039 0.068-0.205 0.991 4.95 46.2 0.9681
10 192.3 0.028 0.093-0.311 0.982 3.24 33.34 0.9612

Table 2. Isotherm constants for the adsorption of Cu?* and Zn?*.

. Langmuir Model Freundlich Model
% Coating w/w
ion Qmax (mg g—1) Kg (Lm™1) Ry Range r n Kg r?
5 copper 51.82 0.699 0.01-0.099 0.994 6.131 2.241 0.841
zinc 42.19 0.346 0.022-0.207 0.996 4524 15958  0.951
10 copper 74.07 0.224 0.031-0.255 0.989 3.161 19.961 0.968
zinc 58.14 0.239 0.032-0.278 0.9853 3.262 15.653  0.961

The comparison between the values of the correlation coefficient (r?) of the linearized
isotherm models suggested that the Langmuir model fitted the experimental data better for
both the cases of single- and double-ion adsorption. The value of the Qmax calculated with
Langmuir model was similar to the one obtained with experimental data. The value of Ki
was in the range of 0-1, indicating that the adsorption of Cu?* and Zn?* on the surface of
coated MA was favorable. This is also confirmed by the n-parameter, calculated by using
the Freundlich model which was in the range of 0-10.

3.4. Kinetic Studies

The adsorption kinetics of metal ions on the coated MA were analyzed by four kinetic
models: Lagergren pseudo-first-order kinetic (Equation (6)), pseudo-second-order kinetic
(Equation (7)), Elovich model (Equation (8)), and the Weber and Morris model (Equation (9)).

Ln(Qe — Q1) =In(Qe) — Ky t (6)
t/Qr=1(K; Qez)i1 +1/Qe ()

where Q; (mg g~ ') is the adsorption at time t (min); Q. (mg g~ !) indicates the adsorption
capacity at adsorption equilibrium; and K; (min~') and K, (g mg~! min~!) represent
the kinetic constants for the pseudo-first-order and the pseudo-second-order models,
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respectively. The Elovich model (Equation (8)) is used to describe the adsorption process
on adsorbent material with a heterogeneous surface. From its linear model, is it possible
to calculate the initial adsorption rate o (mg g~! min~2) and the desorption constant {3
(g mg~! min~1).

Qi =1/p In (af) +1/p In(t) ®)

An intra-particle diffusion mechanism was explored by using the Weber and Morris
model (Equation (9)).

3Q: = (Kingra t /%) + C ©)

where Kjnr, is the intra-particle diffusion rate constant (mg g_1 min~/2) and C is a
constant related to the thickness of the boundary layer (mg g~ !). Figures 15-17 represent
plots of the experimental data based on the four kinetic models adopted.
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Figure 15. The fitting of different kinetic models for single-ion adsorption (Cu?*) onto MA function-
alized with 5% and 10% w/w of coating, (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich
model, and (d) intra-particle diffusion model.
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Figure 16. The fitting of different kinetic models for double-ion adsorption (Cu?* and Zn?*) onto
MA functionalized with 5% of coating, (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich
model, and (d) intra-particle diffusion model.
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Figure 17. The fitting of different kinetic models for double-ion adsorption (Cu?* and Zn?*) onto
MA functionalized with 10% of coating, (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich

model, and (d) intra-particle diffusion model.

All the parameters of the different models calculated from the regressions are reported
in Table 3. For all the regression, the sum of error squared (SSE) between the predicted
values and the experimental data was measured. The best results in terms of higher corre-
lation coefficients (R?) with low SSE values were obtained, with the pseudo-second-order
kinetic model indicating that the adsorption mechanism is dependent on the adsorbate and
the adsorbent [12,38]. This result was indeed expected since the adsorption model is based
on the interaction between the negative charges present on the surface of the MA and the
positive charges of metal ions.

Table 3. Kinetic parameters of the different models for single-ion and double-ion adsorption onto functionalized MA.

Kinetic Parameters

Single-Ion Adsorption

Double-Ion Adsorption

Coating 5% wlw 10% wlw 5% wlw 10% w/w
Copper Copper Zinc Copper Zinc
Qe (exp) (mg L1 125.2 152.8 37.2 33.7 62.6 53.1
wPseudo-first order model

Qe (calc) (mg L™1) 72.588 91.049 24.501 20.166 44.768 39.064

K; (min~1) 0.247 0.261 0.298 0.263 0.331 0.374

R? 0.805 0.781 0.907 0.849 0.936 0.944
SSE 53.733 62.255 12.710 13.752 17.920 13.813

Pseudo-second order model

Qe (calc) (mg L™1) 126.582 156.250 37.736 33.784 63.291 53.476

Ky (mg L1 0.016 0.011 0.044 0.059 0.032 0. 042

R? 0.998 0.986 0.991 0.989 0.992 0.988

SSE 5.391 6.076 1.244 1.335 3.661 3.900

Intra

Qe (calc) (mg L™Y 127.610 152.190 34.209 33.644 63.645 54.068
Kintra (mg g~ ! min~1/2) 34.966 44.399 10.585 9.431 19.008 16.506
C 24.269 25.640 6.567 6.575 8.649 6.936

R2 0.876 0.546 0.782 0.543 0.906 0.941

SSE 14.535 16.440 3.941 3.919 5.599 5.260

Elovich

Qe (calc) (mg L™1) 128.850 152.270 33.436 33.960 64.189 54.612
alpha (mg g~ ! min~1) 2975.211 1025.352 402.383 879.825 205.754 141.845
beta (g mg~! min—1) 0.063 0.040 0.184 0.237 0.081 0.089
R2 0.937 0.579 0.804 0.623 0.967 0.969

SSE 2.82 4.812 0.597 0.763 1.129 1.668
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3.5. Evaluation of the Electrochemical Activity

Electrochemical characterization tests were conducted to observe the variation in the
electrochemical activity of the magnetite particles with absorbed metal cations. These
preliminary tests were carried out on the hypothesis of desorbing the metal ion from the
surface of the MA, applying a polarization. The electrochemical activity of the functional-
ized particles can be observed from the CV curves (Figure 18). The presence of redox peaks
indicated the coated particles to be active, i.e., taking part in the electrochemical reactions.
At high cathodic bias, the oxide surface may be reduced to metallic iron, as indicated
by the broad cathodic peak at about —1 V vs. Ag/AgCl. The position of the oxidation
peak in the backward scan, associated with the oxidation of the surface metallic iron back
into magnetite, suggested good reversibility of the reaction. The results suggested the
coated-MA to be electrochemically active.
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Figure 18. Cyclic voltammetry on MA used in the treatment of wastewater samples, (a) Zn*-
absorbed MA. (b) Cu?*-absorbed MA. (Dotted curve: functionalized MA with no ions absorbed).

Eventally, the tests were carried out on the magnetite aggregates after the absorption
of metallic cations, i.e., Zn and Cu. The electrochemical activity of the Zn@MA signi-
cantly changed with respect to the reference sample. In particular, even if the redox
reactions related to Fe3O4 were still present, the peaks associated with zinc reduction
(—1.3 Vvs. Ag/AgCl) and oxidation (—0.8 V vs. Ag/AgCl) reactions were observed. In
analogy to the zinc case, the magnetite particles were immersed in a solution contain-
ing copper ions, to promote their absorption. The Cu@MA particles showed additional
redox peaks with respect to the reference sample. In particular, the anodic peaks close
to 0 V vs. Ag/AgCl may be ascribed to the oxidation of copper, suggesting its reduction
during the cathodic scan. These results suggest that ions absorbed on the MA effectively
interact electrochemically with the electrode surface, suggesting the possibility to recover
the absorbed metal cations by applying a polarization. To verify the reduction of the
absorbed metals on the electrode surface, allowing the recovery of this material through
this method, further experiments and characterization need to be performed.

4. Conclusions

In this work, aggregates of Fe3O,4 nanoparticles functionalized with succinic acid were
synthesized by a single-step co-precipitation method. Their capacity in adsorbing transition
metals was proved by treating two samples of industrial wastewater contaminated with
transition metals, Cu?* and Zn?*. Adsorption measurements showed that MA need a
short contact time to reach the equilibrium, which was reached within 10 min in all
experiments. The maximum adsorption capacity was 188 mg of Cu®* per gram of MA
in the case of wastewater contaminated with a single ion, and 62 mg of Cu®* per gram
of MA and 53 mg of Zn?* per gram of MA in the case of wastewater contaminated with
both ions. The percentage of MA coating was 10% w/w in both cases. The adsorption
mechanism was driven mainly by electrostatic attraction between metal ions and MA
and this process was influenced by the hydrated ionic radius of the metal. From the two
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adsorption isotherm models used here, the Langmuir isotherm adsorption model better
fitted the adsorption data. The adsorption process follows a pseudo-second-order kinetic
mechanism. In conclusion, it was demonstrated that MA with a magnetite core and an
outer coating made by succinic acid could be a promising material for efficient and fast
removal and recovery of transition metals from wastewater. Moreover, the electrochemical
activity of the MA was proved, showing that an electrochemical process for recycling the
MA and extracting the transition metals is worth being investigated.
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