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Abstract: The increase in the production and use of disinfectants containing silver atoms (in both
its ionic and nanomeric forms) in their formulation, due to the global pandemic situation caused by
COVID-19, has increased the presence of silver species in wastewater. Moreover, silver atoms are
now considered as emerging pollutants in water. In this work, we propose a novel method for the
instantaneous and simultaneous removal of ionic and nanomeric silver in water samples, using a
previously unpublished methodology consisting of the in situ formation of magnetic nanoparticles in
the aqueous samples to be treated. While the nanoparticle precursors react to form them, the silver
atoms present in the sample are adsorbed onto them due to a strong electrostatic interaction. As
the final nanoparticles are magnetic, they can be easily removed from the aqueous medium using a
magnet, leaving the samples free of silver species. The innovative feature of the method is that the
adsorbent is synthesized in situ, within the sample to be treated, making the approach a low-cost,
easy-to-perform solution. Temperature, contact time, dose of Fe3O4, and concentration of nanomeric
and ionic silver were investigated. The results showed that at 50 ◦C, 100% of both silver species were
removed from the water samples simultaneously. The surface of Fe3O4 was characterized before
and after the application of the removal process using energy-dispersive X-ray spectroscopy and
Field Emission scanning electron microscopy. Adsorption kinetics and equilibrium isotherms studied
reveal a Langmuir-type physicochemical process. The procedure has been applied to different water
samples (river and drinking water) with excellent results, making the method a new standard for the
removal of ionic and nanomeric silver. In addition, the nanoparticles formed could be recycled and
reused for other analytical and decontamination purposes.

Keywords: emerging pollutants; silver; nanoparticles; removal

1. Introduction

Emerging contaminants are species present in the environment that are not recognized
as contaminants but whose presence is of emerging concern because of their potential
environmental and health effects [1]. Although many of them are found in very low concen-
trations, they cause serious problems in ecosystems, especially when they are discharged
into aquatic environments. To detect and quantify these contaminants, it has been necessary
to develop new analytical techniques that are sufficiently sensitive due to the low concen-
tration of some of these emerging pollutants found in the environment [2,3]. Some of the
substances considered as emerging pollutants in water include pharmaceuticals, detergents,
dyes, and personal care products. Recently, the widespread use of nanomaterials has also
contributed to the identification of metallic nanoparticles as emerging contaminants [4].

Currently, many products contain ionic and nanomeric silver in their formulation due
to the well-known disinfectant and antifungal properties of silver [5]. Nanomeric silvers
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(AgNPs) have strong inhibitory and bactericidal properties, which have led to the use of
not only AgNPs but also Ag(I) salts in catheters, cuts, burns, and wounds to protect against
infection [6]. However, although it has been suggested that these particles can interact
with bacterial membranes, the exact mechanism underlying the antimicrobial effects of
AgNPs has not yet been elucidated [7]. In addition, the large surface area of AgNPs releases
Ag(I) ions, and this is another crucial factor contributing to cytotoxic activity. It is well
known that smaller AgNPs have a faster dissolution rate of silver ions (Ag(I)) into the
surrounding microenvironment due to their higher surface-area/volume ratio and thus
higher bioavailability. In addition to size, the release of Ag(I) ions is also influenced by
the shape, concentration, and presence of protective agents of AgNPs and their colloidal
state [8]. In this regard, it has been shown that the release rate of Ag(I) ions is associated
with the presence of chlorine, thiols, sulfur and oxygen [9]. It is suggested that the released
Ag(I) ions interact with respiratory chain proteins in the membrane, disrupt the intracellular
O2 reduction, and induce the production of reactive oxygen species, leading to cellular
oxidative stress in microbes and death.

Silver has been identified by the Environmental Protection Agency as a high-priority
water pollutant due to its persistence in the environment [10–12]. In addition, the use of
nano-sized materials has increased significantly in recent years, with silver nanoparticles
being one of the most widely used in cleaning and hygiene products due to the excellent
properties of silver mentioned above [13]. In addition, the global pandemic scenario since
2020 has increased the use of products containing silver (ionic or nanomeric) in their
formulation, as well as other metallic nanoparticles for cleaning purposes. As a result, the
presence of these materials in aquatic environments is increasing [14–18]. It is therefore
essential to develop and improve methods for eliminating these substances, which are
increasingly present in water and can cause irreversible problems in ecosystems [5,19].

Many methods have been developed to remove silver nanoparticles, including the use
of microorganisms and coagulation [20–23]. Various processes based on adsorption have
been used for the removal of metallic nanoparticles, using materials such as chitosan [24],
lignin [25], spent adsorbent [26], biochar [27,28], or biomass waste [29]. However, the
adsorption efficiency of these materials is relatively low in some cases [30–32]. In addition,
modified sludge [33], active carbon [34], organometallic framework materials [35], and
porous silica [36] have been used as adsorbents for silver, but these processes are more
cumbersome and slower and again do not achieve 100% removal efficiency.

The adsorption de Ag(I) and Ag(0) using different materials has been reviewed in [37–39].
Adsorption-based processes have obvious advantages, such as selectivity, since the surface
can be modified to achieve better removal rates depending on the species adsorbed [40–43].
This selectivity allows most approaches to adsorb either ionic or nanomeric silver from
water, but simultaneous removal of both species is not common [31,44,45] or takes a long
time to remove [46]. Among the adsorbent species, metal oxides have been widely used. In
this respect, the use of iron oxides as precipitators and metal collectors has been known for
a long time. These oxides have been used as collectors to remove zinc [47], lithium from
batteries [48], or traces of manganese [49], since these metals form colloidal coprecipitates
with the iron oxides [47]. The adsorption of silver on the surface of iron nanoparticles has
previously been observed in processes for the formation of ferrite adsorbents functionalized
with silver [3,50,51], so the possibility that this phenomenon also occurs in the process
presented in this work cannot be excluded.

Indeed, small, disperse magnetic materials allow rapid adsorption of analytes and
convenient phase separation with the aid of a strong magnetic field. Nanomaterials con-
sisting of a ferrite core [52] and other adsorbents such as graphene oxide with [53,54]
and without [55] functionalization, chitosan [56], polyvinyl imidazole functionalized with
mercapto succinic acid [57], and silica functionalized with 2-aminothiophenol [35] have
been proposed for this purpose. In other cases, only the functionalization of the ferrite
with sulphur-containing ligands has been used [58–60]. The preparation of these nanocom-



Separations 2023, 10, 398 3 of 17

posites, with or without functionalization, is sometimes tedious and detracts from the
attractiveness of a fast dispersive and magnetic process.

Recently, our group introduced the first hybrid method able to remove 100% of
both silvers simultaneously, using a mixture of magnetic nanoparticles and ionic liquid
(Fe3O4@IL) as a removal agent [5]. This work introduces some relevant novelties with
respect to silver-removal studies. Simultaneous removal of both silver species is achieved.
However, although it has excellent removal capabilities, from a practical point of view, it
can be considered a rather tedious process. A simple, rapid method based on adsorption
alone to remove 100% of both silvers is not found in the literature.

In this work, the total elimination of both silver species was achieved instantaneously
and simultaneously by adsorption onto in situ formed magnetic nanoparticles (Fe3O4),
which were then rapidly removed from the medium by a magnet. The approach represents
a simple, fast, cost-effective, and practical alternative to current silver-removal methods.

2. Materials and Methods
2.1. Reagents and Instrumentation

Analytical-grade reagents were employed to carry out all experiments. The water
used was obtained from a millipore system (Millipore, Bedford, MA, USA). The standards
of silver (I) and silver nanoparticles used were obtained from Panreac (Barcelona, Spain)
and Aldrich (Darmstadt, Germany), respectively. Magnetic nanoparticles (Fe3O4) were
prepared in situ using FeCl3·6H2O, FeCl2·4H2O (both from Merck, Darmstadt, Germany),
and concentrated ammonia solution from Scharlau (Barcelona, Spain).

A high-resolution continuous-source atomic absorption spectrometer (model ContrAA
700, Analytik Jena AG, Jena, Germany) was used throughout the work. This instrument is
equipped with a xenon short arc lamp as a radiation source and a diode bar detector with
588 pixels, 200 of which are used for monitoring the analytical signal and for background
correction (Zeeman effect). The instrument is equipped with a transversely heated graphite
nebulizer and an automatic sampler. Only pyrolytic graphite tubes with a platform were
used. The silver line of 328.068 was used. Data were evaluated using the integrated
absorbance summed for three pixels using software (ASPECT CS v5.1) provided by Analytik
Jena. High-purity argon (Messer, Alicante Spain) was used as a purge gas. The optimized
heating programme is shown in Table 1.

Table 1. Instrumental parameters and proposed heating programme.

Parameter

Wavelength, nm 328.068
Slit, nm 0.7
Atomizer Transversal with platform of L’Vov
Background correction Efecto Zeeman
Injected volume, µL 10
Chemical modifier 10 µL of Pd(II) (250 mg L−1)
Heating program

Step Temperature, ◦C Ramp, ◦C s−1 Hold, s

1: Dry 110 10 20
2: Dry 130 9 10
3: Ashing 400 20 20
4: Atomization a,b 1700 1500 5
5: Cleaning 2450 500 3

a The internal gas flow stopped 5 s before. b Reading step.

Field Emission scanning electron microscopy (FESEM) was performed using a Zeiss
Merlin VP Compact microscope (Oberkochen, Germany). The energy-dispersive X-ray
(EDX) detector used was a Bruker Quantax 400 (Vienna, Austria). Samples were prepared
by depositing suspension drops on a copper transmission electron microscopy grid (covered
with a perforated carbon film) and air-dried. Experimental conditions were high vacuum
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at 2 kV for detection of secondary and backscattered electrons, and 15 kV and 5 kV for EDX
spectra and mapping analysis, respectively.

Nd-Fe-B permanent magnets were supplied (Supermagnete, Webcraft GmbH, Gottmadin-
gen, Germany) as small blocks and discs providing 33 and 38 kgf, respectively, for sepa-
rating the magnetic particles. Particle size and zeta potential data were obtained with a
Malvern Zetasizer nano zsp instrument (Malvern, UK).

2.2. In Situ Preparation of Fe3O4 Nanoparticles and Silver Removal Procedure

A 150 µL of FeCl3·6H2O (0.1 M) solution and a 150 µL FeCl2·4H2O (0.2 M) solution
were added to 10 mL of a water solution at individual concentrations of silver species of
100 µg L–1. Subsequently, the mixture was heated at 50 ◦C for five minutes. Then, 50 µL of
a concentrated ammonia solution was added to give the solution a basic pH, necessary for
the formation of nanoparticles according to the chemical reaction that takes place for the
formation of Fe3O4, as shown below [10]:

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O

The Fe3O4 nanoparticles were rapidly synthesized in the solution to be treated and,
during their formation process, the silver atoms were eliminated from the aqueous solution
by means of a mixed process based on the adsorption of silver on the ferrite nanoparticles
and the ability of the iron oxide to collect metals without excluding electrostatic interactions
between the silver and iron atoms.

After the nanoparticles were removed from the medium with a neodymium magnet,
the silver-free (ionic and nanomeric) aqueous solution was decanted and analyzed by Elec-
trothermal Atomic Absorption Spectrometry (ETAAS), confirming that the water sample
was free of silver.

3. Results
3.1. Characterization of Fe3O4

The basic characterization of the magnetic material obtained by the procedure de-
scribed in Section 2.2 has already been described [61–63]. Figure 1 shows a Field Emission
Scanning Electron Microscopy (FESEM) image of the surface of Fe3O4 formed in situ when
the aqueous solution contains no silver atoms. Figure 2 shows the energy-dispersive X-ray
(EDX) spectrum corresponding to the whole area of the image shown in Figure 1, together
with the atomic concentration table corresponding to Fe3O4, which shows strong peak
signals for O and Fe, as expected. The peaks for Cu, C, Si and Al correspond to the grid
and sample holder used in the FESEM.
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Figure 2. Spectrum of EDX and table of concentration corresponding to area of Figure 1.

Detection of silver after adsorption on Fe3O4 by standard FESEM analysis was chal-
lenging due to the very low concentration of silver in the samples. However, backscattered
electron (BSE) analysis was able to distinguish Ag in the samples, with these atoms ap-
pearing as brighter structures due to their higher atomic number [64,65]. Accordingly,
Figure 3 shows BSE images for Fe3O4 after the removal of Ag, where the brighter areas
correspond to Ag, although it is not possible to distinguish between the silver species.
Figure 4 shows the EDX spectrum and atomic concentration table corresponding to the
whole area of Figure 3. As mentioned above, the concentration of silver is very low, but the
EDX system automatically detects the presence of Ag.
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3.2. Effect of Fe3O4 Precursors Volume

The formation of ferrite nanoparticles (Fe3O4) used in the process results from the
reaction of Fe3+ and Fe2+ in a basic medium. To optimize the formation process, the dosage
of Fe3O4 precursors was studied at room temperature. To develop this study, the volume of
aqueous solutions of FeCl3·6H2O (0.1 M) and FeCl2·4H2O (0.2 M) was varied from 50 µL
to 200 µL. The silver elimination process described above was then applied individually
to each Ag species to show that they exhibited similar behaviour. Thus, 10 mL of two
different aqueous solutions containing concentrations of ionic and nanomeric silver of
100 µg L−1 were tested. Figure 5 shows that the best results in terms of removal efficiency
were obtained when 150 µL of each precursor solution was used for both Ag(0) (curve
a) and Ag(I) (curve b). This result remains constant even when 200 µL of each precursor
is used.

3.3. Effect of Contact Time

The contact time between water solutions (containing isolated species Ag(0) and Ag(I),
and for a solution containing both species) and Fe3O4 was studied in order to achieve
maximum removal efficiency. Experiments were carried out for silver concentrations equal
to 100 µg L−1, T = 50 ◦C, and 150 µL of solutions of FeCl3·6H2O (0.1 M) and FeCl2·4H2O
(0.2 M). After the addition of 50 µL of 25% ammonia solution, 500 µL aliquots were taken
at different times. The magnet was immediately applied, and the aqueous phase was
separated to measure the silver content. The results obtained (Figure 6) showed a constant
maximum removal efficiency after 5 min.
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three determinations.

Pseudo-first-order and pseudo-second-order kinetic models were used to study the
rate of sorption. The pseudo-first-order model allows us to check whether the rate of
sorption point occupancy is proportional to the number of unoccupied sites. The pseudo-
second-order kinetic model allows us to test whether chemisorption is the step that controls
the kinetics of the process. The expressions used for these two models were

log(qe − qt) = log qe −
k1

2.303
t (1)



Separations 2023, 10, 398 8 of 17

t
qt

=
1

k2 · q2
e
+

1
qe

t (2)

where k1 (min−1) and k2 (g·mg−1·min−1) are the adsorption rate constants and qt and qe
(mg·g−1) are the amount of metal adsorbed at each time and at equilibrium, respectively [66,67].

The adsorption kinetics of Ag(0) and Ag(I) adsorption following these two models
were carried out on aqueous samples containing 100 µg L−1 of both ions. At different times,
an aliquot of 500 µL was taken from the medium, and the magnet was immediately applied
to separate the adsorbent phase. The content of silver was measured by ETAAS. The
obtained results are shown in Figure 7. The kinetic parameters and correlation coefficients
are given in Table 2. As can be seen, both results fit better with a pseudo-second-order
model, which seems to indicate a chemisorption process.
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Table 2. Parameters estimated in the kinetic study on the removal of Ag(0) and Ag(I) using the
proposed process.

Model Parameter
Adsorbate

Ag(0) Ag(I)

Pseudo-first-order k1, min−1 0.028 0.031
qe, mg·g−1 18.75 19.21

R2 0.8842 0.8291
Pseudo-second-order k2, min−1 0.082 0.098

qe, mg·g−1 19.02 19.31
R2 0.9942 0.9975

3.4. Study of the Effect of the Temperature and Adsorption Isotherms

Adsorption isotherms describe the dependence of the equilibrium adsorption capacity,
qe (mg g−1), and the equilibrium concentration of the adsorbate, Ce (mg L−1) [63]. The
study was conducted for the simultaneous removal of silver (ionic and nanomeric) at
concentrations Ce equal to 50, 100, 150, and 200 µg L−1 and at temperatures of 20, 30, 50,
and 70 ◦C. Contact time was instantaneous, pH was set to basic, and the maximum removal
efficiency of 50 ◦C was achieved, staying constant up to 70 ◦C.
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The adsorption isotherm models considered were Langmuir, which takes into account
homogeneous monolayer adsorption, and Freundlich, which takes into account multilayer
adsorption and affinity between adsorption surface sites [68]. These models gave the best
fit (adjusted R2 > 0.99) compared to other models such as Temkin.

1
qe

= 1
qm

+ 1
KL ·qm ·Ce

(Langmuir)

qe = KF · C
1
n
e (Freundlich)

(3)

For the Langmuir model, KL (L mg−1) is the Langmuir adsorption constant and qm
(mg g−1) is the maximum adsorption capacity. For the Freundlich model, KF and 1/n and
are the adsorption capacity and adsorption intensity constants, respectively.

The fitting of the theoretical models in Equation (1) to the data is summarized in Table 2.
Fits corresponding to isotherm at T = 70 ◦C are not shown because the isotherm matches
with that of T = 50 ◦C, both achieving 100% removal efficiency for all concentrations.
Quantities computed in software Origin 2022 were reduced R2 and χ2, as well as Bayesian
and Akaike information criteria, in order to compare the isotherm models. As depicted in
Table 3, the Langmuir equation gives rise to the best results, maximum R2 and minimum χ2,
for all temperatures. Additionally, Bayesian and Akaike criteria indicate that the Langmuir
model is more likely to describe the equilibrium adsorption of silver onto Fe3O4. Graphical
results for the Langmuir model are shown in Figure 8.

Table 3. Nonlinear fits of Langmuir and Freundlich models (Equation (1)) to experimental data
presented in Figure 6. The Langmuir model gives rise to the best fitting results for all temperatures.

Langmuir Model Freundlich Model

T, ◦C Reduced R2 Reduced χ2 Reduced R2 Reduced χ2

24 0.9997 5.58 × 10–9 0.9991 1.64 × 10–5

30 0.99986 7.23 × 10–9 0.09981 3.94 × 10–5

50 0.9999 1.33 × 10–9 0.9993 2.59 × 10–6
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Figure 8. Langmuir isotherm plot for simultaneous removal of ionic and nanomeric silver by in
situ Fe3O4 for different temperatures: 24, 30 and 50 ◦C (curves a, b and c, respectively). Isotherm
corresponding to T = 70 ◦C is not shown because it matches with that of T = 50 ◦C. Error bars
correspond to the standard deviation of three determinations.
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For the removal of Ag(I) and Ag(0), the adjustment of each Langmuir isotherm gives a
maximum adsorption capacity qm of 142.3 and 132.1 mg g−1, respectively, at 50 ◦C.

The analysis of the standard Gibbs free energy ∆G0 (kJ mol−1) brings important
information about the nature of the adsorption process, identifying it as chemisorption,
physisorption, or a mixture of both [63]. Negative ∆G0 values correspond to spontaneous
adsorption, chemisorption lying close to the range [−400,−80] kJ mol−1, and physisorption
to [−20, 0] kJ mol−1. For each temperature, the ∆G0 value is determined as follows:

∆G0 = −R · T · Ln(Kt) (4)

where T is the absolute temperature, R is the gas constant, and Kt is the equilibrium
thermodynamic constant, whose value should be appropriately determined at each T from
the analysis of the equilibrium isotherms, transforming KL into the adimensional quantity
Kt [69]:

Kt =
1000 · KL ·M · [adsorbate]o

γ
(5)

In this expression, [adsorbate]0 = 1 mol L−1 represents the standard concentration of
the adsorbate, M is the molecular mass of the adsorbate (g mol−1), and γ = 1 accounts
for the activity coefficient of the dilute solution. The results for temperatures 24, 30,
50, and 70 ◦C show that ∆G0 values lie within the range [−34.13, −28.28], which can
be considered as a mixture between physical and chemical adsorption, a phenomenon
previously reported for the adsorption of metal ions by employing adsorbents based on
magnetic nanoparticles [40].

3.5. Mechanism of Adsorption

The zeta potential represents the charge of a nanoparticle relative to the surrounding
conditions. However, the zeta potential is not a true measure of the individual molecular
surface charge; rather, it is a measure of the electrical double layer created by the surround-
ing ions (i.e., counterions) in solution. These counterions play a role in the calculation of the
zeta potential measurement. All particle systems in an aqueous medium carry an electrical
charge, which can be positive, negative, or neutral. Nanoparticles functionalized on the
surface with, e.g., carboxylic acids will produce a negatively charged surface due to the
dissociation of an acidic group, whereas the dissociation of a basic group on the surface of a
nanoparticle will produce a positively charged surface. For unmodified nanoparticles, the
individual atoms that make up the surface of the particle determine its charge. Nanoparticle
agglomeration occurs when individual particles are held together by weak interparticle
interactions, including solvation forces, van der Waals forces, electrostatic attraction, and
hydrophobic interactions [70–72]. In most cases, the agglomerated state is reversible, but
only if additional entropy (e.g., sonication or homogenization) or ions (changing H+) are
added to the system. It is suggested that this method could be used to select the size of
specific nanopopulations within a particle suspension.

In aqueous systems, the surface of iron oxides is covered with Fe-OH groups [61].
Other groups such as FeOH2

+ and FeO− are present on the surface of magnetic ferrite at
pH values below and above pHpzc, respectively. The zero charge potential of magnetite
(pHpzc) is the pH at which the surface concentrations of FeOH2

+ and FeO− are equal.
Electrostatic forces between the species in solution and the charged surface are responsible
for the adsorption. The measured pHpzc of magnetite was 7.5, although values ranging
from 5 to 7.5 have been recorded [73]. The zeta potential measured on magnetic ferrite
was 9.08 mV at zero charge potential, suggesting that positively charged particles may be
retained on the surface by electrostatic attraction. As pH increases, the FeOH2

+ groups are
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converted to FeO−, increasing the net negative surface charge and thus the interaction with
positive species [62]:

≡ Fe−OH(surf) + H+
(aq) �≡ Fe−OH+

2(surf) (pH < pHpzc)

≡ Fe−OH(surf) + OH−
(aq) �≡ Fe−O−

(surf) + H2O (pH > pHpzc)

In the case of silver particles, the surface charge density depends on the method of
synthesis and the presence or absence of functionalizing agents that modify the surface of
the nanoparticles [74,75]. In the case of AgNPs obtained by using NaBH4 and silver nitrate
and finally stabilized in citrate buffer, the pHpzc is 3.5 [76] and 3 [77], respectively. These
values indicate that at pH above 3–3.5, the silver nanoparticles are negatively charged.
Consequently, the electrostatic attraction and perhaps coordination adsorption between the
ferrite and the silver nanoparticles are the removal mechanisms.

The Ag(I) ion is stable as such in aqueous solutions up to slightly basic pH values,
where it starts to evolve into Ag(OH) hydroxide and Ag(OH)2

− anion [78]. Therefore, at
pH = 8, it is still present in the aqueous solution as a positive species and can be retained
on the ferrite, which is already negatively charged at this pH:

≡ Fe−O− + Ag+ �≡ Fe−O−•••Ag+

The same applies to the Ag(0) species. However, when working with previously syn-
thesized ferrite, the retention of Ag(0) is not as effective as when the ferrite is synthesized in
situ. Therefore, in addition to an electrostatic interaction mechanism, some other interaction
process with the iron atoms of the ferrite structure must be at work during formation.

3.6. Comparison with Other Removal Methods

The evaluation of the efficacy of conventional water treatment processes (i.e., coagula-
tion, flocculation, sedimentation and sand filtration) in removing stabilized Ag NPs from
natural water has been studied [75]. Flocculation and settling were found to be key steps
for the removal of silver nanoparticles.

The simplicity of operation and cost-effectiveness have led to the investigation of
suitable sustainable alternatives such as adsorption. Several studies have been carried
out on different adsorbents such as activated carbons, clays, biowaste materials, cellulosic
materials, zeolites, graphene, biochars, and synthetic materials. Table 4 shows several
proposed materials for silver removal from water samples. As can be seen, the adsorption
capacity of ferrite synthesized in situ is higher than that of most of the adsorbents listed
in Table 4. The removal of silver nanoparticles is completed in only 5 min. The process of
material synthesis is very simple. In addition, the amount of adsorbent material required is
very small. Therefore, we can say that the proposed material is a suitable candidate for the
removal of heavy metals.

3.7. Study of Competition with Other Ions Present in Water. Application to Real Water Samples
and Reuse of Adsorbent

As there are many ions present in any type of wastewater, the possibility that the
presence of other ions commonly found in water could interfere with the silver removal
process was investigated.

To check the possible competition, the approach proposed in this work was carried
out by placing the medium-high concentrations (500 and 1000 mg L–1) of Ca2+, Pb2+, Hg2+,
As3+, As5+, Mg2+, Cl–, NO3

–, and SO4
2–. In every case, the removal of silver species was

not affected by the presence of these ions when the concentrations were 500 µg L–1. When
the concentrations of ions were 1000 µg L–1, the silver elimination process was affected
exclusively in presence of Hg. In this case, the silver removal efficiency dropped to 92%,
which is still a high percentage. In addition, Hg2+ is not a species that is commonly found
at such a high concentration in any type of water.
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Table 4. Silver adsorption capacity by different types of adsorbents from aqueous solution.

Type of
Adsorbents Adsorbent Adsorption

Capacity (mg g−1) pH Initial Concentration
of Silver (mg L−1) Contact Time Ref.

Activate carbon Norit® CA1 65 3–9 50–105 12 h [34]
Colloidal carbon

nanospheres 152 3–9 0.1–202 6 min–32 h [79]

Biowaste
materials Chitosan 42 6 50 1–96 h [80]

Ion-imprinted chitosan
gel beads 89.2 5 353 1–48 [81]

Modified
cellulose

L-cysteine
functionalized 66.7 6.9 160 1–10 h [82]

Nanocrystals 19.8 6.6 108 2 h [83]
Clays Montmorillonite 63.3 6 200 1–5 h [84]

Saponite 48.3 4–8 2000 5 h [85]
Bentonite 61.5 6–7 50–200 400 [86]

Biochars Vineyard 88.9 5 50 70 min [87]
zero valent iron (nZVI) 500–700 - 25 24 h [88]

Spent coffee ground 49.0 6–8 50 10 h [37]
Synthetic
materials

Aged iron oxide
magnetic particles 20–63 6.2 100 90 min [89]

Metal organic frameworks 90 6–7 5 10 min [90]
Nanoporous silica 396 6–7 5–200 24 h [36]
Fe3O4-Mg(OH)2 476 5–11 54 24 h [91]

Fe3O4-IL 103 7–9 0.2 14 min [5]
Multi-walled

carbon nanotubes 43.2 7 132 240 [92]

Polyaniline Fe3O4
nanofibers 12.6 5–7 0.05 120 [93]

Fe3O4 synthetized in situ 142–135 9 0.1 5 This work

The proposed procedure was applied to real river water samples from the surrounding
area at different points and to drinking water samples. The results (see Table 5) showed
that the method was fully applicable to these water samples, as silver removal efficiencies
ranging from 97.1 to 99.2% were achieved in all cases. As the concentration of total silver in
the water samples was below the limit of detection (LOD), the samples were spiked with a
known concentration of ionic and nanomeric silver.

Table 5. Application of the removal procedure to real water samples.

Water Sample [Ag] Found Total [Ag] Added a, µg L−1 Removal Efficiency b, %

River 1 ≤LOD 200 98.2 ± 2.3
River 2 ≤LOD 200 97.1 ± 2.7
River 3 ≤LOD 200 98.4 ± 3.3

Drinking water 1 ≤LOD 200 99.2 ± 2.1
Drinking water 2 ≤LOD 200 99.1 ± 1.5

a Total silver concentration added: 100 µg L–1 of ionic silver and 100 µg L–1 of nanomeric silver; b mean
value ± standard deviation (n = 3).

Experiments were carried out to verify if the proposed procedure is adequate when
the levels of ionic silver and nanomeric silver are less than 10 µg L−1. At these levels of
silver concentration, it is not possible to directly measure aqueous samples because of the
sensitivity of the detection technique. In these cases, we have resorted to measuring the con-
centration of silver retained from its desorption in an acid medium containing thiourea [5].
This desorption is carried out in a small volume (100 µL), which makes it possible to reach
an enrichment factor close to 100. The results obtained indicate quantitative retentions even
at levels of 0.3 µg L−1 of silver in aqueous samples.

At present, the use of silver-functionalized magnetic nanoparticles is of great interest
in many scientific fields, whether for use as extraction media in analytical chemistry [51] or
as an adsorbent medium for other species [3,50]. Consequently, in this work, we offered a
double solution: on the one hand, the removal of silver from a contaminated medium and,
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on the other hand, the reuse of the adsorbent containing the silver for other purposes, thus
establishing a circular process.

The adsorption of silver species occurs during ferrite formation in the proposed
process. The process is therefore instantaneous and quantitative. Therefore, it does not
make sense to study the reuse of a product that has already been synthesized. However,
we have studied the possibility of recovering the magnetic material after e desorption of
the retained species. To study the possibility of reusing the magnetic material formed in
situ, silver was desorbed by adding 100 µL of 0.1 M nitric acid, and the mixture underwent
ultrasound for 3 min. Afterwards, the ferrite was isolated by the approach of the magnet
and was clean and free of silver, so it could be used for other purposes.

In this regard, we have tested the validity of recycled material for the retention of
amoxicillin and ibuprofen. In fact, in some previous works of our research group, several
methods to remove some emerging contaminants such as amoxicillin and ibuprofen were
developed [3,63]. Here, magnetic ferrite nanoparticles functionalized with nanomeric silver
were used as sorbents. Therefore, the adsorbent material used in these previous works
corresponds to the one obtained in this work after the removal of silver from water. For
this reason, the resulting material after silver removal was added to aqueous solutions
containing amoxicillin and ibuprofen, and the optimal experimental conditions described in
these previous works were applied. The result was that both contaminants were completely
removed from the aqueous medium. Therefore, after silver from water is removed from
water, the resulting material can be successfully used in other processes to remove emerging
contaminants such as amoxicillin and ibuprofen.

4. Conclusions

A novel method for the total and instantaneous removal of ionic and nanomeric silver
via the in situ formation of magnetic nanoparticles has been introduced. The extraordinary
innovation of synthesizing the adsorbent in solution allows the process to remove a high
concentration of silver from water samples in just a few seconds, achieving 100% removal
efficiency. It is a cost-effective and simple process. In addition, the approach can be
applied to real water samples with excellent results. Another important advantage is
the possibility of reusing the silver-containing adsorbent for other analytical purposes,
as silver-functionalized Fe3O4 is of great scientific interest today. In addition, adsorption
isotherms and temperature studies show a mixture of physical and chemical adsorption,
characterized by Langmuir equilibrium isotherms.

Therefore, this novel method is postulated as an efficient alternative to other proce-
dures currently available in the literature, which are considered more tedious, less rapid,
and more expensive, and which are also unable to achieve 100% removal efficiency for
ionic and nanomeric silver.
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85. Sprynskyy, M.; Sokol, H.; Rafińska, K.; Brzozowska, W.; Railean-Plugaru, V.; Pomastowski, P.; Buszewski, B. Preparation of
AgNPs/saponite nanocomposites without reduction agents and study of its antibacterial activity. Colloid Surf. B 2019, 180, 457–465.
[CrossRef] [PubMed]

86. Cantuaria, M.L.; de Almeida Neto, A.F.; Nascimento, E.S.; Vieira, M.G.A. Adsorption of silver from aqueous solution onto
pre-treated bentonite clay: Complete batch system evaluation. J. Clean. Prod. 2016, 112, 1112–1121. [CrossRef]

87. Tomczyk, A.; Szewczuk-Karpisz, K.; Sokołowska, Z.; Kercheva, M.; Dimitrov, E. Purification of aqueous media by biochars:
Feedstock type effect on silver nanoparticles removal. Molecules 2020, 25, 2930. [CrossRef] [PubMed]

88. Wang, S.; Zhao, M.; Zhao, Y.; Wang, N.; Bai, J.; Feng, K.; Zhou, Y.; Chen, W.; Wen, F.; Wang, S.; et al. Pyrogenic temperature affects
the particle size of biochar-supported nanoscaled zero valent iron (nZVI) and its silver removal capacity. Chem. Speciat. Bioavailab.
2017, 29, 179–185. [CrossRef]

89. Zhou, X.-x.; Li, Y.-j.; Liu, J.-f. Highly efficient removal of silver-containing nanoparticles in waters by aged iron oxide magnetic
particles. ACS Sustain. Chem. Eng. 2017, 5, 5468–5476. [CrossRef]

90. Conde-González, J.E.; Peña-Méndez, E.M.; Rybáková, S.; Pasán, J.; Ruiz-Pérez, C.; Havel, J. Adsorption of silver nanoparticles
from aqueous solution on copper-based metal organic frameworks (HKUST-1). Chemosphere 2016, 150, 659–666. [CrossRef]

91. Yin, W.; Liu, M.; Wang, Y.-H.; Huang, Y.; Zhao, T.-L.; Yao, Q.-Z.; Fu, S.-Q.; Zhou, G.-T. Fe3O4–Mg(OH)2 nanocomposite as a
scavenger for silver nanoparticles: Rational design, facile synthesis, and enhanced performance. Environ. Res. 2022, 212, 113292.
[CrossRef]

92. Hassan, D.; Farghali, M. Adsorption of silver nanoparticles from aqueous solution by multiwalled carbon nanotubes. ANP 2017,
6, 22–32. [CrossRef]

93. Yang, Q. Removal and reuse of Ag nanoparticles by magnetic polyaniline/Fe3O4 nanofibers. J. Mater. Sci. 2018, 53, 8901–8908.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jhazmat.2011.07.076
https://www.ncbi.nlm.nih.gov/pubmed/21862215
https://doi.org/10.1016/j.cis.2009.09.003
https://doi.org/10.1016/j.carbpol.2015.05.038
https://www.ncbi.nlm.nih.gov/pubmed/26076618
https://doi.org/10.1007/s10570-020-03022-y
https://doi.org/10.1007/s10570-013-0139-5
https://doi.org/10.1155/2019/7129014
https://doi.org/10.1016/j.colsurfb.2019.04.066
https://www.ncbi.nlm.nih.gov/pubmed/31100672
https://doi.org/10.1016/j.jclepro.2015.07.021
https://doi.org/10.3390/molecules25122930
https://www.ncbi.nlm.nih.gov/pubmed/32630537
https://doi.org/10.1080/09542299.2017.1395712
https://doi.org/10.1021/acssuschemeng.7b00797
https://doi.org/10.1016/j.chemosphere.2016.02.005
https://doi.org/10.1016/j.envres.2022.113292
https://doi.org/10.4236/anp.2017.62003
https://doi.org/10.1007/s10853-018-2181-z

	Introduction 
	Materials and Methods 
	Reagents and Instrumentation 
	In Situ Preparation of Fe3O4 Nanoparticles and Silver Removal Procedure 

	Results 
	Characterization of Fe3O4 
	Effect of Fe3O4 Precursors Volume 
	Effect of Contact Time 
	Study of the Effect of the Temperature and Adsorption Isotherms 
	Mechanism of Adsorption 
	Comparison with Other Removal Methods 
	Study of Competition with Other Ions Present in Water. Application to Real Water Samples and Reuse of Adsorbent 

	Conclusions 
	References

