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ABSTRACT

In this study, bimetallic nanoparticles (BMNPs) with different mass ratios of Cu and Fe
were evaluated. The influence of the morphology on the removal of pollutants was explored
through theoretical and experimental studies, which revealed the best structure for
removing arsenate (As(V)) in aqueous systems. To evidence the surface characteristics and
differences among BMNPs with different mass proportions of Fe and Cu, several
characterization techniques were used. Microscopy techniques and ‘molecular dynamics
simulations were applied to determine the differences in morphology and structure. In
addition, X-ray diffraction (XRD) was used to determine the presence of various oxides.
Finally, the magnetization response was evaluated, revealing differences among the
materials. Our cumulative data show that BMNPs with low amounts of Cu (Feo9Cup 1) had
a non-uniform core-shell structure with agglomerate-type chains of magnetite, whereas a
Janus-like structure was observed in. BMNPs with high amounts of Cu (FepsCugs).
However, a non-uniform core-shell structure (FeyoCuo 1) facilitated electron transfer among
Fe, Cu and As, which increased the adsorption rate (k), capacity (ge) and intensity (n). The
mechanism of As removal was also explored in a comparative study of the phase and
morphology of BMNPs pre- and post-sorption.

Keywords: Bimetallic Nanoparticles; Morphology; Molecular Dynamics; Sorption;

Arsenic.



1. INTRODUCTION

Water pollution caused by inorganic contaminants is a currently a major environmental
problem. Common materials such as active carbon and clays have been used as adsorbent
materials. Nevertheless, these adsorbents have a low capacity and efficiency for removing
metallic pollutants [1]. In this context, the use of metallic nanoparticles (NPs) as adsorbents
is advantageous because NPs can adsorb and/or transform the analyte and can therefore
remove larger amounts of pollutants than common materials [2]. Specifically, nanoscale
zero valent iron (nZVI) has been extensively used for the decontamination of aqueous
matrices due to its large reactive area and chemisorption and physisorption processes
associated with surface groups, such as oxyhydroxides and hydroxyl, for the removal of
lead (Pb), chromium (Cr), and arsenic (As) [3-6].

nZVI has a characteristic structure composed of an Fe’ core covered by a shell of
amorphous Fe oxide [7-10]. This structure promotes different removal processes such as
adsorption, precipitation, coprecipitation, reduction, and oxidation [2, 7], resulting in the
efficient removal of As and other trace elements. In particular, the removal of As using
nZV1-like adsorbents [7, 11] has resulted in significant morphological changes to the nZVI
surface when used.in aqueous matrices or oxidizing environments [3, 11-14].

The use of nZVI1 for As decontamination is justified due to the strong affinity of nZVI to
this analyte. As is a carcinogenic, cytotoxic, and genotoxic agent and is classified as one of
the most toxic pollutants in the world [15, 16]. However, despite the great advantages of
nZV1 in the removal of organic and inorganic pollutants, this nanomaterial has some
limitations when used in aqueous matrices and porous media, such as soil [17, 18]. These
disadvantages are associated with several factors, such as the high surface energy of the

NPs and corrosion processes. The former causes the formation of aggregates, in which the
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NPs have a minimal surface energy and a higher stability [19]. The second problem is
passivation due to the formation of Fe oxides and/or hydroxides around the particles,
making the removal process slower and less effective [2, 17, 18, 20, 21].

To reduce the problems mentioned above, the combination of a second metal with nZVI to
form bimetallic NPs (BMNPs) has been studied as a method for increasing the stability and
reactivity relative to monometallic NPs [2, 21-27]. However, the structure adopted by these
BMNPs depends on several factors, such as the preparation methods and conditions and the
metal properties [28-30]. In general, the BMNP structure is classified as a core-shell (CS)
or an alloy [28]. In this sense, the mass ratio of the metals in the particles as well as the
presence of different compounds or species can generate structural and morphological
differences in the NPs [31]. These variations produce materials with varied sizes,
morphologies and compositions and, therefore, distinct reactivities [32]. Wanjala et al.
reported that the alloying phase segregation is dependent on the size of the particles.
Likewise, as mentioned above, the authors reported that BMNPs can have single-phase
alloy, partial alloy or phase-segregated structures depending on the synthesis method,
preparation conditions, compositions (the proportion of metals in the materials) [33] and
properties of the metals, such as their surface energies, atomic size, electronegativity,
oxidation potential and electronic/magnetic effects [21].

The use of BMNPs can accelerate the rates of reactions involved in the sorption processes
during the removal of water pollutants [23]. This behavior has been attributed to two
factors: an electrochemical process (galvanic corrosion) and the production of atomic
hydrogen [23]. Electrochemical processes occur between the metals in the NPs during
pollutant removal, and the effectiveness of the redox processes among all the participants

depends on their reduction potentials [21]. Studies have reported that the incorporation of a
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noble metal coating on nZVI enhances the removal reaction because noble metals have a
larger reduction potential than Fe®, which causes the reaction to be spontaneous (AEcell >
0) [35-36].

In particular, bimetallic particles and NPs containing Fe and Cu have been used in
environmental applications because Fe is the quintessential material used for pollutant
removal (high removal capacities). Likewise, Cu is a “noble metal” that protects “corrosive
metals” (Fe) and has excellent antibacterial properties, making it a highly valuable material
for medical and environmental (water decontamination) applications [37, 38].

With respect to environmental applications, BMNPs have been used to remove heavy
metals and organic compounds, such as 1,1,1-trichloroethane, hexachlorobenzene,
nitrobenzene, and p-nitrophenol [21, 39-42]. Heavy metals can be removed by different
mechanisms, which mainly include adsorption and oxidation-reduction mechanisms [21].
Recently, Hu et al. reported that the removal of Cr(VI1) using FeCu bimetallic particles
occurs through electron transfer from Fe to Cu and finally to Cr(VI), which causes the
oxidation of Fe(0) to Fe(ll) and/or Fe(I11) and Cu(0) to Cu(ll), the reduction of CrO,* to
Cr¥, and the formation of (FexCr1)(OH)3 on the surface of the material [21, 39].

The overarching goal of the present work was to evaluate the morphological changes with
respect to the Fe:Cu mass ratio and the effect of this parameter on the capacity of arsenate
(As(V)) removal from aqueous matrices. Thus, BMNPs with different mass ratios (0.9:0.1
and 0.5:0.5) were theoretically modeled by molecular dynamics simulations and
synthesized by a chemical reduction process. The samples were characterized by magnetic
response measurements, vibrating sample magnetometry (VSM), X-ray diffraction (XRD),
scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), high-

resolution transmission electron microscopy (HRTEM), and scanning transmission electron
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microscopy (STEM). The theoretical study was used to explore different morphologies and
to determine the most favorable and energetically stable structure. Furthermore, theoretical
studies allowed the energetically stable structures (those with the lowest binding energy) to
be correlated with the obtained experimental structures (synthesized BMNPs). Finally, the
efficiency of As(V) removal by the samples was evaluated by kinetic (first- and second-
order models) and isotherm (Freundlich and Langmuir models) adsorption studies. The
mechanism of As(V) removal was proposed via a comparative study of the morphology of

the BMNPs pre- and post-sorption.



2. EXPERIMENTAL SECTION
2.1 Chemicals
All chemical reagents used in the study were of analytical grade and were purchased from
Merck. Solutions of FeCls-6H,0, CuCly-2H,0, 1000 mg L* As,Os standard in H,O
(Titrisol), HCI, NaOH, ethanol, NaBH,, and NaCl were prepared using pure water
(conductivity = 18 p€/m), and arsenate (As(V)) solutions of different concentrations were
made by diluting the standard solution.
2.2 Synthesis of nanoparticles (NPs)
2.2.1. Nanoscale zero valent iron (nZVI) synthesis
Nanoscale Fe particles were synthesized by following the procedure described by Wang
and Zhang [43], in which 60.5 g-L™ (1.6 mol-L™) of NaBH4 and 270.2 g-L™* (1.0 mol-L™)
of an FeCls-6H,0 aqueous solution were mixed at room temperature under continuous
mechanical stirring. The black solid product was then separated from the solution using an
ultracentrifuge (Sorvall RC-5C Plus, 9000 rpm for 10 min), washed five times with a 1:1
ethanol/water solution and degassed to remove any residual salts. The resulting material
(black solid) was frozen at —18 °C and then lyophilized to obtain the final product.
2.2.2. Nanoscale zero valent copper (Cu NPs) synthesis
Nanoscale Cu particles were synthetized by adding a 1.6 mol-L™ NaBH, aqueous solution
dropwise to a 1.0 mol-L™ CuCl,-2H,0 aqueous solution at room temperature under
continuous mechanical stirring according to the modified procedure described by Liu et al.
[43, 44]. The resultant solution was centrifuged at 9000 rpm for 10 min, and the supernatant
was replaced with ethanol/water. To avoid oxidation of the Cu NPs, ethanol/water washing
was performed during purification, leading to a fine powder product after freeze-drying.

The Cu NPs particles were stored in a N»-purged desiccator.



2.2.3. FeCu bimetallic nanoparticles (FeCu BMNPSs) synthesis

Synthesis of the FeCu BMNPs was carried out using Fe:Cu mass ratios of 0.9:0.1
(FeooCuo1), 0.75:0.25 (Feo75Cupzs), and 0.5:0.5 (FepsCugs) according to the same
experimental procedure previously mentioned and proposed by Wang et al. [43]. This
procedure involved the simultaneous reduction of both metals by NaBH,, as proposed by
Xiao et al. [41]. The solid product was then separated from the solution using an
ultracentrifuge (Sorvall RC-5C Plus, 9000 rpm for 10 min), washed five times with a 1:1
ethanol/water solution and degassed to remove any residual salts. The resulting material
(black solid) was frozen at —18 °C and then lyophilized to obtain the final product.

2.3. Characterization of the nanomaterials

2.3.1 Theoretical characterization: FeCu BMNP simulation

To elucidate the importance of the bimetallic cluster atomic configuration, we evaluated the
stability of the FeCu BMNP clusters using theoretical calculations based on classical
molecular dynamics simulations. We obtained the minimum binding energy structures and
the metastable configurations of the bimetallic clusters already reported in the literature
[45, 46]. Some previous reports have identified possible stable isomers for the small
clusters using density functional theory (DFT) [47], but in our case, we focused on larger
systems (up to 10 nm in diameter) in which the symmetry of the structure depends on the
cluster size. These bimetallic clusters were simulated in a canonical ensemble using a Nose-
Hoover thermostat (NVT). The atomic interactions were modeled by a semiempirical
potential using an embedded atom method (EAM) [48] in molecular dynamics LAMMPS
code [49] with suitable parameters for the Fe and Cu atoms [50].

Our simulations considered atomic configurations with core-shell (CS) and polycrystalline

(PL) structures that were obtained from chemical reduction synthesis and gas evaporation

8



techniques, respectively [45, 46]. Furthermore, we considered segregated (SG) and isolated
(1S) configurations to compare our results. Initially, the structures were sintered at a rate of
0.5 K/ps from 20 K to a maximum temperature of 300-1800 K. Finally, the samples were
quenched at a cooling rate of 0.25 K/ps to 0.1 K with a final equilibrium time of 0.2 ns for
further analysis.

2.3.2. Magnetic, crystallographic, and superficial characterization of the NPs

Magnetic hysteresis loops were obtained as a function of the Cu concentration by vibrating
sample magnetometry (VSM); the system had a magnetic moment sensitivity of 10 emu.
All the results were collected at room temperature with a magnetization loop obtained as a
result of an external magnetic field applied from -9 to 9 kOe.

The X-ray diffraction (XRD) analyses were performed on a Bruker D8 Advance
diffractometer with a coupled Cu anode radiation source with a wavelength of 1.5418 A at
a controlled temperature (24 °C).

In addition, high-magnification images (>5000%) were acquired with a backscattered
electron (BSE) detector on an FEI Nova NanoSEM 200 scanning electron microscope
(SEM) operated at 15 kV in a high vacuum. Elemental analyses were performed using an
INCA X-Sight energy dispersive X-ray spectrometer (EDS).

Finally, transmission electron microscopy (TEM) analyses were performed on an FEI
Tecnai F30 high-resolution instrument (FEG-TEM 300 kV). Owing to the expected CS
structure of the synthesized FeCu BMNPs, Z-contrast imaging and EDS studies were
carried out in scanning transmission electron microscopy (STEM) mode with high-angle
annular dark field (HAADF) and EDS detectors, respectively. For these TEM studies, the
powder particles were dispersed in isopropyl alcohol for 5 min via ultrasonication. A few

drops of the upper part of the suspension were placed on the TEM carbon-coated Cu grid.

9



Before TEM imaging and the elemental chemical composition studies, the grids were dried
for several hours at ambient temperature.

2.4. Studies of the sorption capacities of As(V)

Batch adsorption experiments were carried out to analyze the As(V) removal capacity of
the synthesized nanomaterials at room temperature (25 £ 2 °C). A 20-mL portion of the
arsenic (As) solution containing 0.01 mol-L™* NaCl (background electrolyte) at pH 7 was
used with 50 mg of the adsorbent material. An As(V) concentration of 200 mg-L™ and a
stirring time of 5-180 min were used for the sorption kinetics studies. The sorption
isotherms were performed over a concentration range of 1-200 mg-L™ with a stirring time
of 5 h. In both analyses, the samples were run in triplicate, centrifuged, filtered (0.22 um
PVDF filter, Millex-GV), and measured by inductively coupled plasma atomic emission
spectroscopy (ICP-OES, Perkin EImer 2000 DB). The As sorption capacity was determined

using the following expression [51,52]:

(Co—COV
e = OM—t (1)’

where C, is the initial concentration of As (mg-L™), C; is its concentration at time t or the
equilibrium concentration, V is the volume (L), and M is the mass (g) of adsorbent.

2.4.1. Mathematical models of the sorption kinetics and isotherms

The experimental data obtained from the removal studies were fitted to mathematical
models of the sorption kinetics and isotherms. The data obtained in this study were fitted
using two Kinetics models, a pseudo-first-order (PFO) model, which is described by the

following equation:

q,=q(l-e7M%) (2)
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and a pseudo-second-order model (PSO), which is represented by the following
mathematical expression:

qik,t

RN ETA

In both models, ge is the amount of analyte adsorbed at equilibrium (mg-g™), g is the
amount of adsorbate (mg-g™) adsorbed at time t (min), and ky (min™) and ky (mg-g*-min™)
are the rate constants of the PFO and PSO models, respectively [51-54].

Similarly, the results of the sorption isotherms were fitted to the Langmuir equation (Eq. 4)

_ Amax KL Ce

- 4
9e = T1K.C, )

and the Freundlich equation (Eqg. 5)

q=keC"" (5)

In both equations, ge is the amount of analyte adsorbed per unit mass of adsorbent (mg-g™),
and C. is the equilibrium analyte concentration (mg-L™). In Eq. (4), qmax (mg-g™) is the
maximum adsorption capacity, and K, is Langmuir’s sorption constant (L-mg™) [52-55].
For the Freundlich equation (Eg. 5), ke and n are the Freundlich constants related to the

sorption capacity and intensity, respectively [52, 56].
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2.  RESULTS AND DISCUSSION

3.1. FeCu bimetallic nanoparticle (FeCu BMNP) simulation

Fig. 1 shows the simulation results obtained for the lowest binding energy systems found
for the morphological configurations of the 0.9:0.1 and 0.5:0.5 Fe:Cu ratios, which had
average diameters of approximately 7 and 9 nm, respectively. The lowest energies were
associated with the clusters that were minimized from the initial polycrystal (PL)
configurations (see the inset in Fig. 1). If we separate the binding energy contributions of
the Fe-Fe, Cu-Cu and Fe-Cu interactions, the importance of each atomic interaction can be
determined. The stable atomic configuration is associated with enhanced Fe-Cu binding
energies. The Fe-Fe interactions decreased, and the Cu-Cu interactions had intermediate
values. However, the Fe-Cu binding energies in the final configurations show that
intermediate contributions of the Fe-Cu interactions are more energetically stable, enabling
the formation of semi-melted Cu clusters around the Fe core. These results were obtained
with the PLs, and eventually, some regions will have Fe atoms exposed on the surface, as
shown in Fig. 2 (b) and (c); this feature could be suitable for the formation of Fe oxides.
Fig. 2 shows the structural characterization of the binary clusters after energy minimization.
Fig. 2 (a) depicts the partial radial distribution functions (RDFs), g(r), for the two different
Cu concentrations. The Fe atoms are mainly located in the core (brown atoms in images b
and c in Fig. 2), although some atoms are exposed on the surface, while their RDF (red
line) shows the presence of a body-centered cubic (bcc) structure in all cases. In contrast,
the Cu atoms (green atoms) are mainly located around the Fe core; their corresponding
partial RDF patterns (blue lines) show a bcc structure for the 10% concentration
(Feo9Cug1), and a face-centered cubic (fcc) pattern for the 50% concentration (FeosCugs)

within with their corresponding binding energies and metals ratio condition the final

12



structure. These results suggest that at low Cu concentrations, the Cu atoms adjust to the
structure of the Fe core, but as the concentration of Cu increases, the Cu atoms adopt their
natural atomic structure of a fcc lattice surrounding the Fe core.

A linear atomic count of the most stable configurations was measured for both Cu
concentrations, and the results are shown in Fig. 3a. At FegoCuo 1, the Fe atoms (red line)
are nearly homogeneously distributed, and the Cu atoms (blue line) are noticeable at only
the ends of the NPs. In contrast, at a high Cu concentration (FeosCugs), the structure
possesses two very different regions: an Fe-rich section on the left side and a Cu-rich
section on the right side, thus showing Fe-Cu segregation.

2.2. Magnetic, crystallographic, and superficial characterization of the NPs

The magnetic behavior of the synthesized BMNPs is shown in Fig. 4. From these results,
we obtained the Cu concentration dependence of the magnetic saturation, which decreased
as the Cu concentration increased. The lower magnetic response of nZVI relative to the
other synthesized materials is‘associated with the presence of Fe oxide. For the Cu NPs, no
magnetic response was observed for any applied magnetic field. The coercivity, Hc, and
magnetic remanence were also measured. Hc decreased as the amount of Cu increased,
going from 626 Oe for 0.1 Cu (FeosCuo1) to 53 Oe for 0.5 Cu (FeosCuos). Finally, the
remanence showed similar small values of approximately 5 emu for the 0, 0.1 and 0.5 Cu
concentrations.

Fig. 5 shows the diffraction patterns obtained for the four synthesized nanomaterials. Fig. 5.
(a) shows a diffractogram of nZV1, in which the characteristic peaks of Fe® (bcc) are seen at
20 = 45.23° and 65.25°. For the BMNPs (Fig. 5 (b) and (c)), the signals of metallic Fe and
Cu could be identified, and the Cu NPs (Fig. 5 (d)) show peaks at 20 = 43.27°, 50.76°, and

74.18°, corresponding to Cu® (fcc). Peaks associated with different Cu oxides are also
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observed in the Cu NPs at 20 = 36.77° and 61.66°, which are attributed to cuprite (Cu,0),
and at 39.29°, which is associated with tenorite (CuO)). For FeosCuo (Fig. 5 (b)), overlap
is seen between the Fe® and Cu® peaks at approximately at 26 = 44° with a considerable
predominance of metallic Fe in the structure. However, as the Cu percentage in this
nanomaterial increases, the hidden signal begins to appear, as seen for FegsCups (Fig. 5
(c)). In this case, the predominance of the metallic Cu signal, which exhibits behavior
similar to that of the Fe signal in FegoCuo 1 but a lower intensity, is observed for Feg 75Cug 25
(see Fig. 1S). Furthermore, in addition to the signals of the metals, the FeosCug 1 sample
exhibits a signal at 20 = 35.5° that is attributed to magnetite, and the FeqsCugs sample
exhibits the presence of cuprite. Therefore, this analysis establishes that these bimetallic
materials were satisfactorily obtained. However, this technique cannot be used to determine
the structure of the materials but instead reveals only the mineralogical phases present in
the synthesized materials.

Fig. 6 shows SEM images and micrographs of nZVI (a), the BMNPs with different Fe:Cu
mass ratios (b and c), and the Cu NPs (d). Fig. 6 (a) shows that the Fe NPs form a chain-
like arrangement with varying NP sizes of approximately 50 and 85 nm. These chains form
because Fe has the lowest energy or the most stable morphology in this structure, which is
attributed to the high surface energy of the individual NPs and the physicochemical
properties of the sample [57]. The low resolution of this image results from the formation
of an amorphous layer around the NPs. This amorphous layer is associated with oxide
formation and encapsulates the core of NPs, preventing their rapid oxidation upon exposure
to the environment. Fig. 6 (b) and (c) show the BMNPs and their morphological differences
according to the Fe:Cu ratio. In FegoCuo1, the predominant chain structure corresponds to

nZVI, and the presence of agglomerated zones with the emission energy of Cu was detected
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by EDS (see Fig. 2S (b)). Similarly, a discontinuous shell attributed to the formation of an
oxide layer around the bimetallic particles or to the presence of surface Cu on Fe was
observed (Fig. 6 (b)). In the case of FeosCuos (Fig. 6 (c)), three zones were seen. The first
zone shows the presence of chains that are attributed to nZV1 (red circle), the second zone
shows agglomerates that are attributed to a Cu to Fe ratio of 1:1 (blue circle), and the third
zone consists of sheets associated with the formation of Cu oxide on this material (yellow
circle). These results are consistent with those obtained from the theoretical studies,
demonstrating the formation of a CS structure and a segregated structure for Feg9Cup 1 and
FeosCuos, respectively. Similar results were obtained for the Feg75Cug s material (see Fig.
3S (a)), which had a higher degree agglomeration than Feq9Cup ;. These differences in the
structure and morphology may be attributed to the surface energies of Fe and Cu, which are
2.61 eV-atom™ and 1.37 eV-atom™, respectively [58]. In addition, the different standard
reduction potentials of the participating metals and the different Cu concentrations in the
nanomaterials generate different bimetallic structures [2]. For example, Fe is likely to be at
the center of the structure, forming the core of the particle, and Cu and Fe oxides are
present in the shell [45, 46]. In general, the BMNPs have a complex morphology, and the
complexity increases with the mass ratio of Fe to Cu. In this case, a high proportion of Cu
(FeosCugs) causes a combination of structures to form in the material, such as segregated
shell-type and intermetallic structures, alloys and/or Cu oxide sheets [59]. An image of the
Cu NPs is provided in Fig. 6 (d), which is presented at a different scale than the other
images due to the loss of resolution at a higher magnification. The morphology of the Cu
NPs is characterized by irregular shapes with sizes greater than 100 nm, which may be a
consequence of the oxidation processes that occur in this type of NP. EDS (see Fig. 2S (e))

analysis revealed the presence of Cu and Cu oxides in the material.
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In the post-sorption studies of As(V) with these materials (Fig. 6 (€)-(h)), a morphological
change associated with the presence of metal oxides was observed in the material for all
cases. The SEM images clearly show the growth of sheets or the formation of a tubular
morphology after As sorption and the agglomeration of individual NPs (nZVI and Cu) and
BMNPs. The sheet thickness is below 250 nm in all cases [60, 61]. The increase in the
amount of oxides in the samples may be attributed to the redox processes and other removal
mechanisms that occur between the NPs and the pollutant, promoting a significant increase
in the amount of oxygen in the structure. EDS mapping (see Fig. 2S (f-j)) identified O and
As in the structures, confirming the sorption of the pollutant by the materials. In the case of
the BMNPs, the FeooCuo1 material (Fig. 6 (f)) contained a larger percentage of As and O
than FeosCuos (Fig. 6 (g)), which is consistent with the results observed in the removal or
sorption studies. This phenomenon can be attributed to the different removal mechanisms
of Fe and to the standard potential (E°) of Fe. Metallic Fe has a more negative E° than Cu
(0.341 V (Cu®*/Cu®)), which allows easier oxidation of Fe than Cu. Both of these factors, in
addition to the structure and morphology of Fep9Cugi, Which has a large amount of
exposed Fe on its structure, cause this material to favor the diverse mechanisms of nZVI
removal, and consequently, more oxidation occurs in this material than in FegsCugs. In the
case of the monometallic NPs, a larger percentage of As and O was found on nZVI (Fig. 6
(e)) than on the Cu NPs (Fig. 6 (h)). Similar to the previous case, this behavior may be
associated with the diverse removal mechanisms and the E° of Fe.

Fig. 7 shows HRTEM images of the materials, which persist in the form of NPs after As
sorption. The structure of the samples observed prior to As sorption is characterized as
chain-like (Fig. 7), revealing the presence of FeCu NPs (a-d) with an average diameter of

40-80 nm surrounded by amorphous oxides. After As sorption (e), the chain-like structure
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of the Fep9Cuo1 sample became wider due to the oxidation processes that occurred. The
fast Fourier transform (FFT) of the images obtained of the NPs in (e) and (i) is depicted in
(iii) and shows an atomic structure with patterned lines (modeled in (ii)) matching the
characteristic (100) planes of the Fe bcc phase with an interplanar distance of 2.04 A. We
believe that these results confirm the formation of crystalline Fe clusters at low Cu
concentrations with an increase in NP size (agglomerates) due to oxidation of the BMNPs
during the redox process between the adsorbent material and As.

To study the homogeneity of the FeCu NPs, we performed STEM analysis and measured
the EDS line profiles of the individual particles before and after As sorption (see Fig. 8).
The concentration profiles in Fig. 8 correspond to the Feq9Cup (a, b, and ¢) and FeosCuos
(d, e, f and g) samples, which contain both Fe and Cu clusters. Before As sorption, Fe
clusters are present in both Fey9Cug1 () and FeosCugs (d and e), whereas Cu clusters are
present in only the FeosCuos (g) sample. These results also agree with our simulations
performed at low and high Cu concentrations (Fig. 3) and reveal that Fe-Cu segregation
occurred only at high Cu concentrations. After As sorption, the FegoCug1 Samples (b and c)
consisted of Fe NPs. surrounded by Fe and Cu oxides, and As was mainly concentrated
around the oxidized Fe NPs. In contrast, the FeqsCugs samples (f and g) consisted of highly
oxidized Fe and Cu clusters with very low As concentrations around the NPs. The results
for Fep9Cup 1 show that the largest As concentration is achieved when the material contains
more Fe and Cu (see Fig. 8 (c) and (d)). This phenomenon agrees with the observations of
Lai et al. (2014) [22], who reported that the largest extent of pollutant degradation was
achieved with FeCu bimetallic materials (compared to with nZVI1). This behavior is not

noticeable in FeysCugs because the removal capacity of this material is lower than that of
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FeooCuo1 (results shown in the studies of the sorption capacity of As(V)), making
quantification of the adsorbed analyte difficult.

2.3.  As(V) sorption capacity studies

Fig. 9 (a) shows the As sorption kinetics of the nanomaterials. The equilibrium time to
reach 80% sorption with nZVI was 40 min (maximum removal), and the adsorption
capacities of the remaining materials decreased in the order of FeooCuo1 (75%), FeosCugs
(65%), and Cu NPs (5%) (Table 1). The decrease in the sorption capacity with the
increased Cu percentage in the BMNPs can be attributed to the different morphologies
(three zones) present in FeosCugs, as seen in the SEM images. The three zones are
associated with the presence of Fe, Cu, and oxides in the material and the structural and
morphological evolution of the BMNPs. In the case of Feq9Cug1, the results indicate that a
larger proportion of nZVI is present on the surface of the BMNPs, and therefore, contact
with the pollutant predominantly oceurs through Fe®. The monometallic NPs (nZV1) exhibit
multiple analyte removal mechanisms, thus removing highs level of As [2, 7]. In contrast,
with an increase in the mass proportion of Cu in the material (FeosCuos), As removal
occurs on the nZVI as well as on the Cu NPs and Cu oxides, causing a decrease in the As
removal capacity. Similar behavior was observed for Feg75Cuo2s (see Fig. 4S (a)). This
behavior can be attributed to the fact that the only available sorption mechanism is the
reduction of As(V) to As(III) by Cu (AE = 0.22 V) [62], which prevents sorption of this
pollutant on the surface of the material and allows it to remain in solution.

After 60 min of contact, a decrease in the removal capacity occurred when Cu NPs were
used as the adsorbent, and this change was less predominant in the BMNPs, which had a
lower mass proportion of Cu. This trend can be attributed to the possible oxidation and

morphological changes that this noble metal causes on the surface of the material [63].
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All experimental data of this study (except those of the Cu NPs) were fitted to the pseudo-
first-order (PFO) and pseudo-second-order (PSO) kinetic models, and the statistical
parameters (r>, RMSE, and y?) indicated that the PSO model, which is represented in Fig. 9
(a) by a dashed line, better fits the obtained data. Table 1 summarizes the PSO Kinetic
parameters obtained for the studied materials. The rate constant (k,) and parameter h can be
used to determine the rate of analyte adsorption on the surface of the material. The k, value
shows that Fep9Cup 1 had the fastest removal rate among the studied materials. That same
behavior is reflected in the parameter h, which gives the sorption rate for the time close to
zero (immediate sorption). Based on this parameter, As adsorption on FegoCugi is
approximately 10.3% faster than As adsorption on nZVI, which suggests that the sites of
FeooCup 1 are more accessible for adsorbing As during the first minutes of contact [64]. In
addition, this behavior is consistent with that reported by O’Carrol et al. (2013), who stated
that the second metal, in this case Cu, acts as an electronic mediator that catalyzes and
increases the removal rates by BMNPs by decreasing the activation energy of the reaction
[20]. However, this synergistic effect was noted for only the Fe:Cu mass ratio of 0.9:0.1
because at larger Cu concentrations, Cu NPs and Cu oxides predominate in the material,
and the high level of Cu in the BMNPs does not favor the removal mechanisms of nZVI,
which negatively influences the As removal capacity. A similar result was obtained for
Feo.75CUo 25 (Table 1S).

The removal isotherms of the samples were obtained (Fig. 9 (b)), and all the materials
exhibited a type “H” isotherm, which accounts for the high affinity of sorption that is
indicated by the large initial slope [58]. All experimental data were fitted to the Langmuir

and Freundlich models, and the latter represented in Fig. 9 (b) (dashed line) corresponded
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to a better mathematical fit of the experimental data. The Freundlich model is characteristic
of oxyanions that form multiple layers during the removal process [58, 62].

Table 2 shows the Freundlich parameters, correlation coefficient (r?), and gex, Obtained for
the materials, and the latter shows that the As(V) removal capacity of the FeggCup;
material was twice that of nZVI1. The Cu NPs had the lowest removal capacity (7.83 mg-g
1), and the extent of sorption decreased with an increasing percentage of Cu in the material
(see Table 2S for Fey75Cug2s). This phenomenon is consistent with the SEM and kinetic
studies and is directly related to the structural and morphologic changes in the bimetallic
material that are caused by the increase in the mass ratio of Cu in the NPs, leading to the
formation of more Cu oxide sheets and Cu NPs in Feg75Cug2s than in FepgCugi. The
predominant presence of these other Cu zones causes As to be mainly in contact with Cu
instead of nZV1, and the Cu NPs possesses little affinity for this analyte.

The parameter “n” is related to the energy magnitude and diversity of the involved sorption
processes [63] and is therefore associated with the substrate-analyte affinity or the
interaction force. A value of n > 1 (behavior seen for nZVI, FeysCuo1 and FepsCugs)
represents a type-H curve, as seen in Fig. 9 (b). This behavior is attributed to the fact that
the solvent minimally competes for sorption sites or that the adsorbate is a flat molecule.
The same phenomenon is observed for Feg 7sCuo s (Fig. 4S (b)). Table 2 shows that the Cu
NPs have the largest value of this parameter despite the poor mathematical fit of the
Freundlich model. This phenomenon may be attributed to the fact that the surface
adsorption sites on the Cu NPs have a high affinity for the As(V) ions present in the
solution, and these sites have a higher energy than those in nZVI and FeosCuo1 (lower n

values).
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The sorption behavior observed in both studies can be confirmed and explained based on
the results of linear mapping (Fig. 8). In Fep9Cug 1, in which both metals are present in the
particles (large numbers of Fe and Cu beads), a larger concentration of adsorbed As(V) is
present on the material, as explained earlier. This phenomenon can be understood by
considering the electrochemical processes that occur between the metals of the substrate
and the pollutant.

The SEM and XRD results characterizing the materials suggest that the different
morphologies and structures present in the substrates may lead to various As(V) removal
mechanisms, as presented in Fig. 10.

(1)  Cu oxide layer: In aqueous and open-air systems, Cu° tends to be easily oxidized,
and this process may be accelerated by the presence of an oxidant, such as As(V). Tenorite
and/or cuprite were found on this surface, and these oxides predominantly favor the
removal of the analyte through a surface adsorption mechanism [65, 66].

(2)  Cu layer: Based on the reports of Godoi et al. (2013), the main removal mechanism
for Cu NPs is reduction of the analyte [67, 68], i.e., reduction of As(V) to As(lll). This
process involves an increase in the thickness of the oxide layer, as described earlier, which
is similar to the results reported for nZVI.

3 Fe oxide layer and (4) Fe° layer: In these stages, several removal mechanisms are
promoted, such as adsorption on the oxidized layer of metallic Fe; reduction of the analyte
from As(V) to As(lll) and, in some cases, As(0); coprecipitation to form species like
simplesite (Fes(AsO4), 8H,0); and precipitation between the Fe oxides, Fe° core and As [2,
57, 69-71]. The suggested removal mechanisms involve the diffusion of As(V) from the

bulk to these layers, and these phenomena occur over longer equilibration periods times.
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However, in addition to the previously mentioned processes, Fig. 10 shows that catalytic
and electron transfer processes occur in the bimetallic materials [32] and that Cu is
responsible for initially reducing As(V) to As(l11). Then, Fe completes all the other analyte
removal processes, highlighting the fact that electron transfer occurs between the layers
described in the figure, particularly from Fe® to the Cu oxide layer, which promotes

removal of the pollutant.
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4. CONCLUSIONS
In the present study, we examined the morphological differences between FeCu BMNPs
with different mass ratios of the metals and demonstrated how these changes affect the
adsorption capacity, rate, and intensity in the removal of As(V). A low proportion of Cu in
the BMNPs (FeooCups) favors the CS structure (discontinuous shell) and enhances the
removal of As(V) relative to the FeosCups material (segregated structure). Molecular
dynamics simulations were performed to study the structural morphologies of the FeCu
bimetallic particles. A non-homogeneous CS structure was found to be the most stable
configuration at a low Cu concentration. The Cu surrounds the Fe core, and in some areas,
Fe is exposed on the surface. In addition, the atomic structure of Cu adopts a bcc structure
of the core, whereas at higher Cu concentrations, a fcc structure is obtained for Cu in a
segregated phase. These results suggest that Fe and Cu oxides form on the NP surface. The
Fe compounds are associated with the changes in the magnetic behavior and the decreased
coercivity that were observed as the Cu concentration increased. XRD characterization
indicated that the Cu to Fe mass ratio affects the mineralogical phases present in the
synthesized materials. Likewise, the SEM and TEM results indicated that the various Cu
proportions changed the initial morphology of the NPs, which had a direct effect on the
sorption capacity. The adsorption studies demonstrated that As can be removed by sorption
on the FeCu BMNPs, and the best results were observed for an Fe:Cu mass ratio of 0.9:0.1
(Feo9Cup1), which yielded a non-homogeneous CS morphology. These results were
consistent with the results obtained from the theoretical and characterization studies.
According to the experimental results from the adsorption kinetics and isotherm studies, the
PSO and Freundlich models, respectively, best fit the obtained data. Based on the

characterization and sorption studies, the FeCu BMNPs, specifically the Feo9Cuo1 BMNPs,
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exhibited different removal mechanisms, such as redox reactions, adsorption,
coprecipitation, and precipitation, and the catalytic or electron transfer process in this

bimetallic material was determined to be the most important for As removal.
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FIGURE CAPTIONS

Figure 1. Partial binding energy of the FeCu clusters as a function of Cu concentration.
Four initial configurations were considered: Core-Shell (CS), Polycrystals (PL), Segregated
(SG), and Isolated (IS). The inset shows a zoomed view of the binding energy per atom.
Figure 2. (a) Total and partial RDF of the FeCu clusters at different Cu concentrations. The
right side shows the relaxed cluster configurations of (b) Feg9Cupi and (€) FeosCugs. Fe
and Cu atoms are depicted as orange and green particles, respectively.

Figure 3. (a) Linear atomic distribution of Fe and Cu in simulated FeCu BMNPs at two Cu
concentrations. The yellow lines in (b) and (c) show the linear mapping of each particle at
FeooCuo1 and FegsCuo s, respectively.

Figure 4. Magnetic hysteresis of the BMNPs. The graph shows the magnetic behavior at
room temperature of the FeCu BMNPs as a function of the Cu concentration and the
monometallic nanoparticles. The inset shows the low magnetic field for better comparison
(same units as in the main figure).

Figure 5. XRD of (a) nZVI, (b) FepoCuo1, () FeosCuos, and (d) Cu NPs. Symbols: (e) =
Fe®, (A): Cu°, (m)= cuprite, (¥) = tenorite, and (4) = magnetite.

Figure 6. Pre-sorption SEM micrographs of (a) nZVI, (b) Fep9Cuo1, (€) FeosCugs, and (d)
Cu NPs; and post-sorption of (€) nZVI-As, (f) FeooCup1-As, (g) FeosCugs-As, and (h) Cu
NPs-As. Symbols: o nZVI agglomerates; o: Cu agglomerates; and : sheets. Images at
different scales.

Figure 7. TEM images of (a) nZVI, b) FeoeCuo1, ) FeosCugs, and d) Cu NPs before As
sorption; (e) FepoCug after As sorption; and (f) the atomic structure of BMNPs (FegoCuo 1)

with the characteristic (110) planes of the bcc phase Fe (i, ii and iii).
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Figure 8. Linear mapping of FeCu BMNPs. The concentration profiles of the FeogCuo1
samples (a) before As sorption, showing Fe particles. (b) and (c) show the larger particles
obtained after As sorption due to oxidation of the Fe and Cu NPs. The concentration
profiles of the FeysCugs samples in (d) and (e) before and in (f) and (g) after As sorption
denote the presence of Fe and Cu NPs and Fe and Cu oxides with As concentrations.
Figure 9. Arsenate removal studies: (a) sorption kinetics and (b) sorption isotherms.
Symbols: (m) nZVI; (A) FegoCuo1; () FeosCugs; (@) Cu NPs; and (---) better fit models,
i.e., the PSO and Freundlich models, for the sorption kinetics and isotherms, respectively.
Figure 10. Proposed mechanism of As(V) removal using bimetallic materials as the

adsorbent.
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Figure 2
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Figure 3
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Figure 4
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Figure 8
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Figure 9
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Figure 10
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Table 1. Pseudo-first-order (PFO) and pseudo-second-order (PSO) statistical and kinetic

parameters obtained for the removal of AS(V) using five adsorbent materials.

AsY
Parameters
nZVl FepoCup1 FeosCugs Cu NPs
exp (M3-g™) 63.58 60.179 58.098 4.130
exp (%0) 79.860 75.223 72.767 5.147
Pseudo-Second-Order

ge (Mmg-g™h) 69.740 64.584 60.832 N.D
ko (*10° gmg™t-min™) 2.000 2.600 2.000 N.D
h(mg-g*min™) 9.727 10.845 7.401 N.D
r? 0.986 0.993 0.997 N.D
RMSE 2.322 1.011 0.627 N.D
X2 0.597 0.322 0.129 N.D

N.D: Not determined.
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Table 2. Statistical and Freundlich sorption isotherm parameters for the sorption of As(V)

using five adsorbent materials.

AsY
Parameters
nZVl FepoCuo 1 FeosCugs Cu NPs
Jep(Mg-g?) 30595  60.220 55.015 6.723
Freundlich

Ke 12.513 27.341 30.752 1.312

n 5.644 4.842 7.000 9.819

r? 0.970 0.782 0.755 0.623
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