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ARTICLE INFO ABSTRACT
Keywords: Acid Mine Drainage (AMD) is a significant environmental problem in the mining industry due to its high con-
Acid Mine Drainage (AMD) centration of hazardous metals and metalloids, sulfate compounds, and low pH levels. Despite the attention that

Magnetic nanoparticles (MNP)

iron oxide magnetic nanoparticles (MNP) have received for AMD remediation, there is still a lack of under-
Magnetite (Fe304)

Maghemite ;_Fe;03) .sta.nding of the physicoche@ical mechanisr.ns behind their non.-speciﬁc adsorPtion, particullarly in distinct var-

Density Functional Theory iations of AMD, such as Cu-rich AMD. In this study, we synthesized, characterized, and applied MNP to the two-

DFT + U step treatment of Cu-rich AMD. The chemical and physical properties of the MNP and magnetically separated
sludges after AMD treatment are characterized. Additionally, the chemical species adsorbed onto the MNP, the
oxidation state of the resultant sludge after Cu-rich AMD treatment, and the short-range ordering of metal
contaminant species on the surface of the MNP are identified. Finally, first-principles calculations using Density
Functional Theory were conducted to understand how different Cu ion species adsorb to the MNP surface
depending on the pH of the Cu-rich AMD. The bonding between MNP and Cu species occurs primarily through
metal cation-oxygen bonds on the surface of MNP, and this bonding is influenced by the pH of the solution. A
combination of experimental and theoretical approaches was the key to arrive at this conclusion. This infor-
mation can aid in the comprehension of how metal contaminants adhere to the surfaces of MNP and in the
precise engineering of these nanoparticles.

1. Introduction economic benefits, mining activities have produced considerable solid
and liquid hazardous waste. In particular, acid mine drainage (AMD),

It is known that the mining industry has been a fundamental pillar in also known as acid rock drainage (ARD), is a highly significant envi-
the development of our global economy. However, despite its great ronmental problem in this industry [1]. It is typically characterized by
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Table 1

Application of MNP for the treatment of the simulated Cu-rich AMD.
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Metal concentration (mg/1)

Sample pH Ca Cu Mg Na Co Zn Fe Al K

AMD 2.9 156 £ 5 691 + 25 223+ 5 32+2 0.54 + 0.03 7.2+0.1 46 + 0.1 137 +5 92 + 1.1
MNP 2.9 148 £ 3 558 + 12 215+ 6 34+1 0.52 + 0.02 6.2+ 0.5 45+ 0.9 136 + 3 90 + 0.6
NH4OH* 6.0 158 £ 6 289 + 11 210 +7 34+2 0.54 £ 0.01 48+0.3 < LoD < LoD 88 + 0.5
MNP + NH4OH 6.0 153 +7 205+ 8 199 +£ 5 36+2 0.47 £ 0.02 5.2+0.3 < LoD < LoD 91 +0.2

< LoD: Below the detection limits.

* Basification control. To evaluate the effect of basification alone, without the presence of MNP.

the high concentration of heavy metals and metalloids (such as As, Sb,
Cu, Pb, Cd, Zn, Hg, Ag, Sn, Fe, Al, Mn, Tl, U, Th, and W), sulfate com-
pounds, and low pH levels [2].

AMD is produced through the oxidation of sulfide minerals by air and
water and is accelerated by bacterial activity. Thus, solid mining waste,
such as tailings containing sulfide minerals, pyrite (FeS,) for instance, is
prone to AMD formation through a complex process involving chemical,
biological, and electrochemical reactions [3]. The resultant acid from
these chemical reactions leaches heavy and toxic metals from the solid
medium to the AMD, causing negative effects on different systems.

In particular, AMD originating from copper mines contains high
concentrations of Cu ions, often accompanied by elevated levels of Fe?*/
Fe®t ions as a result of bacterial leaching of copper sulfide and iron
minerals. For instance, the mineral chalcopyrite (CuFeS;) can undergo
oxidation in acidic conditions as shown in the following overall reaction
[4], producing Cu-rich AMD:

CuFeS; + 4H" + 0,=Cu®" + Fe?" 4 28° + H,0 @)

Although various methods for mitigating the negative consequences
of AMD have been studied, including conventional methods utilizing
neutralizing agents (e.g., limestone, lime, and other reagents) as well as
passive methods (e.g., geochemical and biological treatment) [1,5-71,
research on the treatment of Cu-rich AMD is less well studied. In this
sense, a limited number of studies have concentrated on the treatment of
Cu-rich AMD, investigating a range of methods, including chemical
precipitation, ion exchange, membrane separation processes, and
bioremediation [8-11]. Nevertheless, these treatment methods have
been found to have certain limitations, including the use of high
chemical agents and energy consumption, the generation of high levels
of hazardous waste, and the necessity for AMD pre-treatments [3,12].
For this reason, the mining industry needs to find new environmentally
friendly processes to recover and/or treat AMD. This process implies
combining new strategies and concepts, such as industrial ecology, clean
production, green chemistry, life cycle assessment, and sustainable en-
gineering [13-15]. In this sense, nanotechnology can provide added
value to the AMD issue in the mining industry. Nanotechnology strongly
influences the development of advanced materials, which possess new
properties and can be applied in different fields, including environ-
mental engineering. In particular, the synthesis, characterization, and
application of various iron oxide nanoparticles for treating industrial
wastewater, including AMD, have received significant attention [16].
For example, iron oxide magnetic nanoparticles (MNP), such as Fe3O4
and CoFey04, have been used as seeds for AMD treatment [13]. Also,
magnetic hydrogels with functionalized MNP have been used for
removing metal contaminants from AMD-affected stream waters [14].
All of these systems share common features such as small particle sizes,
high specific surface area, and ferromagnetic properties. Thus, they
exhibit excellent capacities for contaminant removal, low environ-
mental toxicity, and quick and easy separation from waste. However,
despite the considerable attention MNP has received for environmental
applications, the underlying physicochemical mechanism responsible
for the exhibited non-specific adsorption has not yet been identified,
especially for Cu-rich AMD. Several mechanisms have been proposed for
the action of MNP, such as physical adsorption, surface complexation,

ion exchange, and hard/soft acid-base interaction [15]. However,
debate still needs to be addressed, such as which mechanisms control the
process. Therefore, to understand the mechanisms of the adsorption of
metallic species on the surface of MNP, it is necessary to determine the
chemistry of the MNP surface by identifying the adsorbed species and
any chemical reaction that may have taken place during the adsorption.
In this sense, combining experimental and theoretical investigations,
such as Density Functional Theory (DFT), can provide valuable insights
into treating Cu-rich AMD using MNP.

In the present study, MNP was synthesized by the simple co-
precipitation method and further applied in a two-step process to the
Cu-rich AMD treatment. We exhaustively characterize the MNP and
their magnetically separated sludges after the Cu-rich AMD treatment in
terms of chemical and physical properties. Additionally, a first-principle
calculation study via DFT was conducted to explain the underlying
mechanism involved in the Cu-rich AMD treatment. With the recovered
information, MNP can be engineered to design and optimize AMD
treatment.

2. Materials and methods
2.1. Chemicals

The substances and standards utilized in this study are of analytical
grade (purity > 99 %). FeSO4 - 7H20, FeCls - 6H20, NagSO4, CuSO4 -
5H20, A12(504)3- 18H20, ZnSO4 . H20, MgSO4 . 7H20, COSO4 . 7H20,
CaCly - 2H50, and KCl, were acquired from Merck Millipore®. NH4OH
(28-30 %) and HCl (37 %) were acquired from Sigma-Aldrich®. The
solutions were made using ultrapure water obtained from the Milli-Q
system ®, which has a resistivity of 18.2 uQ - cm. All the chemicals
were used as received without further treatment.

2.2. Synthesis of iron oxide MNP

The MNP was synthesized utilizing an air-exposed co-precipitation
method, as previously described by Kefeni [13], which differs slightly
from traditional synthesis methods that use inert gas atmospheres. The
Fe* and Fe3* precursor solutions were prepared by dissolving 2.5 g of
FeSO4 - 7H20 and 4.87 g of FeCls - 6H,0 in 150 mL of ultrapure water.
The two salts solutions were mixed in molar ratio R= Fe>*/Fe?** = 2 for
10 min. The solution was dropped with NH4OH (28-30 %) to regulate
pH to 9 and mechanically stirred at 60 °C. After two hours, the mixture
was left to cool until it reached room temperature. The precipitate was
washed multiple times with ultrapure water and magnetically separated.
Ultimately, the resulting material was dried at 105 °C for six hours.

2.3. Cu-rich AMD treatment

The synthetic Cu-rich AMD solution is based on the chemical
composition of a stream draining from a Chilean copper mine in the
Atacama Desert (Table 1) [17]. Cu-rich AMD solution was prepared by
dissolving appropriate amounts of NagSO4, CuSO4 5H50,
Al>(SO4)5- 18H0, FeSO4 - 7H20, ZnSO4 - Hy0, MgSO4 - 7H20, CoSOy4 -
7H0, CaCly - 2H20 and KCl in ultrapure water. To determine the metal
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Fig. 1. Schematic representation of the MNP synthesis and its application to Cu-rich AMD treatment.

contaminant removal, 100 mL of synthetic Cu-rich AMD solution was
treated by adding different masses of the MNP in a batch system under
mechanical stirring for 24 h at 30 °C. To assess the potential for metal
contaminant removal, we tested pH levels of 2.9 and 6.0. These pH
levels were chosen to mimic the acidic conditions commonly found in
Cu-rich AMD and to evaluate treatment under more neutral conditions.
After the AMD treatment, the resulting material was magnetically
separated, obtaining the solid part (here called sludge) and the super-
natant, both available for physicochemical characterization. A sche-
matic representation of the MNP synthesis, application, and
characterization of the resultant materials is shown in Fig. 1. The
experimental data for Cu adsorption on MNP were fitted using the
non-linear form of the pseudo-second-order (PSO) kinetic model, as
follows:

q2kat

=T gt @

a:

where ¢, is the amount of adsorbate adsorbed at time ¢ (mg/g), q. is the
amount of adsorbate adsorbed at equilibrium (mg/g) and k3 is the rate
constant of pseudo-second-order adsorption (g/mg - min).

2.4. Characterization techniques

The crystalline structure of the MNP and sludges samples was
analyzed using powder X-ray diffraction (XRD). High-resolution trans-
mission electron microscopy (HR-TEM) was used to study the
morphology and microstructure of the MNP. Moreover, sludge samples
were subjected to morphological and chemical analysis using a scanning
electron microscope equipped with energy-dispersive X-ray analysis
(SEM-EDX). The identification of functional groups in samples was
accomplished using Fourier-transformed infrared (FT-IR) spectroscopy
and Raman spectroscopy (RS) at ambient temperature. X-ray photo-
electron spectroscopy (XPS) was utilized to determine the chemical
composition of the surface of the MNP and its sludge after the two-step
treatment. Mossbauer spectra (MS) were recorded at room temperature
to provide information on the chemical and structural nature of the
MNP. The specific surface area of MNP was determined by employing
the multiple-point Brunauer - Emmett - Teller (BET) method. In order to
determine the magnetic properties of the synthesized MNP, vibrating
sample magnetometry (VSM) was used. X-ray absorption spectroscopy
(XAS) studies were carried out at the CLASS beamline of the ALBA
CELLS synchrotron facility in Spain. In this study, we examined both the
X-ray absorption near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) regions for Fe and Cu. The chemical

composition of liquid samples was measured by using inductively
coupled plasma optical emission spectroscopy (ICP-OES) and atomic
absorption spectroscopy. For detailed information on characterization
techniques, please refer to Section 1 of the supplementary material.

2.5. Calculations details

The DFT calculations were conducted utilizing the plane-wave (PW)
pseudopotential methodology contained in the QUANTUM ESPRESSO
computing software [18]. GGA-PBEsol PAW pseudopotentials were ob-
tained from both the SSSP pseudopotential library [19] and the PSli-
brary [20]. The Fe304 bulk crystal structure was optimized using the
BFGS quasi-newton algorithm by the Hubbard-corrected method (DFT +
U) using non-orthogonalized atomic orbitals [21,22]. The DFT + U
approach was implemented using the simplified rotational-invariant
formulation developed by Cococcioni and de Gironcoli [23] using a
Hubbard U correction on Fe-3d states of 3.5 eV. Convergence thresholds
of atleast 1 x 10~* Ry for total energy, 1 x 10~ Ry/Bohr for forces, and
0.5 kbar for pressure were specified. For the bulk calculations, the
conventional unit cell comprising 56 atoms was used, and the reciprocal
space was sampled with a 4 x 4 x 4 k point mesh. Kinetic-energy cutoff
of 65 Ry for the wave function and 780 Ry for the charge density were
used. During the computational analyses, we carefully considered the
ferrimagnetic properties of Fe3O4 and the orientation of its spins. This
focus was due to the strong antiferromagnetic interaction between the
iron ions located in the tetrahedral (Fee;) and octahedral (Fe,) sites. As
a result, the spins of the Fe,.; and Fee ions are aligned in opposite di-
rections [22].

The optimized bulk lattice parameter and atomic positions were used
to build the Fe304(001) surface model. For Fe30y4, the arrangement of
atoms in the [001] direction is characterized by a stacking sequence
composed of layers designated as A, which contain Fe, and layers
designated as B, which consist of oxygen and Fe,: atoms. Here, we used
termination B of the Fe3O4 surface for our analysis because previous
observations have indicated that termination B is more stable than
termination A [24-26]. The surfaces are represented as slabs, periodi-
cally repeated in the z-direction. To eliminate its periodic interactions in
the z-direction, a vacuum layer of at least 12 A was inserted along the
c-axis. The slab model used eight atomic layers for the (001) termination
in the structure optimization. The four topmost atomic layers and the
adsorbed metal atom were fully relaxed, while the bottom four atomic
layers were kept fixed. The adsorption strength is described by the
adsorption energy (Eqgs):
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Fig. 2. (a) XRD patterns and Rietveld refinement of the MNP synthesized in this study. (b) TEM image and particle size distribution of the MNP (inset image), (c) HR-
TEM image and FFT pattern (inset image) of Fe304 nanoparticle, and (d) SAED patterns of MNP.

Eads = Eadsurbate/slab - [Eadsorbate + Eslab] (3)

where Eqdsorbate/slabs Eadsorbate and Egip are the energies of the adsorbed
slab, a free adsorbate specie and the clean slab, respectively. Negative
adsorption energy corresponds to a thermodynamically favorable
interaction.

3. Results and discussion
3.1. MNP synthesis and characterization

To determine the crystal structure of the synthesized iron oxide MNP,
the samples were analyzed by XRD. XRD and Rietveld refinement
analysis showed that a single phase can be indexed from the diffraction
patterns (Fig. 2a). As shown in Fig. 2a, peaks at 20 angles of 18.34",
30.24°, 35.63°, 37.30°, 47.41°, 53.72°, 57.27°, 62.90°, 71.37°, 74.43",
75.44°,79.44°, and 87.29° with their corresponding diffraction indices of
(111), (202), (311), (222), (400), (422), (511), (404), (602), (533),
(622), (444) and (642) confirmed the formation of the cubic spinel
Fe304 (COD entry #9002319) [27]. Interestingly, weak peaks suggested

the presence of the cubic maghemite (y-FeoO3) at 23.87° and 26.18°, with
corresponding diffraction indices of (201) and (211) (COD entry
#9006317) [28], as a residual phase. However, the content of this sec-
ond phase was so small that it is impractical to perform a Rietveld
refinement analysis with both phases. It is important to mention that it is
difficult to distinguish Fe304 and y-Fe3O3 by XRD because they possess
the same spinel structure with almost identical lattice parameters.
However, due to the order of cation vacancies, the diffraction patterns of
y-Fe;03 present some weak additional peaks at low 26 angles. In fact, the
identification and quantification of Fe304-y-Fe3O3 mixture has been
previously reported [29]. Additionally, it is important to note that due to
the conditions in our synthesis (air-exposed co-precipitation method),
the formation of y-FepO3 as a residual phase by oxidation of Fe3O4 to
7-FeoO3 under atmospheric oxygen is plausible. Conversely, it is crucial
to emphasize that no other peaks related to other iron oxide phases, like
hematite (a-Fe;03), were identified.

The cell parameters obtained from the Rietveld refinement of the
Fe304 present in our MNP are presented in Table S1. Table S1 also shows
the crystallite size analysis from XRD patterns using the Scherrer model,
which resulted in an average crystallite size of 22 nm. Additionally, the
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Fig. 3. (a) FTIR and (b) Raman spectra of the MNP used in this work. (c¢) O 1s and (d) Fe 2p high-resolution XPS spectra from MNP.

Table 2

Kinetic parameters for the Cu adsorption during the treatment of the Cu-rich
AMD by MNP. Here, g, represents the amount of Cu adsorbed at equilibrium
and K is the PSO rate constant.

PSO kinetics

pH e K, R
2.9 134.77 + 1.42 0.009 0.99
6.0 487.64 + 0.50 0.002 0.99
500 . - oA
b)
q
400 4 N
—~ 300 i
L0
on
£
S 200 - -
== B B | ]
100 ra) = pH29 ]
® pH6.0
PSO fit, pH 6.0
04 L —— PSO fit, pH 2.9 5
T T T T T T T T
-200 0 200 400 600 800 1000 1200 1400 1600
Time (min)

Fig. 4. Fitting of the PSO kinetics model to experimental data of Cu adsorption
from Cu-rich AMD onto MNP at (a) pH 2.9 and b) pH 6.0. Here, the symbol g,
represents the amount of Cu that has been adsorbed at a given time t.

BET surface analysis showed a value of 82.55 m%/g.

TEM and HR-TEM were subsequently used to identify the nanoscale
morphology and local microstructure of the MNP (Fig. 2b-d). Fig. 2b
shows the TEM image and the particle size distribution of the MNP. The
MNP exhibited agglomerates of granular morphologies and crystallite
sizes of about 12 + 4 nm. Figs. 2c and d show HR-TEM and fast Fourier
transform (inset image) along with the selected area electron diffraction
(SAED) pattern for MNP, respectively. On the one hand, in Fig. 2c the
microstructure of MNP revealed intense reflection at 2.5 A, 2.9 A, and
4.8 A, which corresponded to the interplanar spacing for (311), (202),
and (111) of Fe3O4 [30]. On the other hand, Fig. 2d shows the reflection
at 2.9 A, 2.5 A, and 2.1 A, which are related to the interplanar spacing
for (202), (311), and (400) of Fe304. These results are consistent with
our previous XRD analysis, which shows the presence of Fez04 as the
main phase in our iron oxide MNP.

As stated before, since the XRD patterns of Fe3O4 and y-FepO3 are
very similar, FTIR and Raman spectroscopies were performed to confirm
the iron oxide phases present in our MNP (Fig. 3a-b). These vibrational
spectroscopies are powerful techniques for distinguishing between iron
oxide phases because of their sensitivity to the coordination of the metal-
oxide ordering, which directly affects the bond strengths (elastic con-
stants) and vibrations (resonance energies). A typical FTIR spectrum in
the 450-850 cm ! range of the MNP is presented in Fig. 3a. The MNP
exhibited the typical bands around 450-750 cm ™ related to the Fe-O
stretching vibration [31,32]. Strong bands at around 600 cm ™! were
related to the characteristic vibrational mode of Fe-O deformation both
in the octahedral and tetrahedral sites of Fe3O4 [33,34]. Fig. 3b shows a
representative Raman spectrum of the MNP. Predominant contributions
related to iron oxide signals were clearly identified. Specifically, strong
bands at around 316, 500, and 620 cm™! are characteristic of Fe3O4
[35]. Thus, it is clear that the particular features of Fe3O4 are predom-
inant in our MNP as the major phase.

To gain a view of the chemical state of the surface of our MNP, XPS
was conducted. Fig. 3c—d shows the combined XPS analysis of O 1s and
Fe 2p. Fig. 3c shows the O 1s core-level spectra from the MNP. As seen,
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Fig. 5. Representative SEM images and EDX analysis of resultant sludges after the treatment of Cu-rich AMD using MNP at (a-b) pH 2.9 and (c-d) pH 6.0.

the O 1s core level exhibited a broad peak, suggesting an additional
contribution to the lattice oxygen of the material. In fact, the peak
contribution at 529.6 eV is related to the O in the iron oxide lattice (Fe-
0). The peak contribution at 530.4 eV is also related to the adsorbed O-H
species [36]. In Fig. 3d, the Fe 2p core-level spectrum showed two peaks
at 724 and 710.4 eV, corresponding to the Fe 2p; /> and Fe 2p3,» signals,
respectively. The experimental value for the spin-orbit splitting between
Fe 2p1 /2 and Fe 2p3,» resulted in 13.6 eV, suggesting that the surface of
our MNP was significantly oxidized. The peak fitting analysis of the Fe
2p32 core-level exhibited two peaks at 710.0 eV and 711.8 eV, which
were assigned to the Fe® and Fe?' valence state [37]. Also, it is
important to note the presence of a third signal at 719.0 eV, corre-
sponding to the Fe3* satellite peak of y-Fe,0s3, confirming its presence at
the surface of our MNP [38,39].

To study the local structure of the MNP synthesized in this study,
XANES spectroscopy experiments were performed. XANES spectroscopy
has been widely used to study iron oxide [40-42]. Measurements at the
Fe K-edge XANES spectra of the MNP and a selected set of references are
shown in Fig. S1. The K-edge position was found to be between the Fe>*
and Fe?* references. This supports the idea that Fe304 is the main part of
the MNP used in this study. Fig. S2 shows the Mossbauer spectra of MNP
at room temperature. The spectra have been fitted as a sum of two
sextets corresponding to the Fe tetrahedral and octahedral sites, with the
obtained areas similar to those expected for magnetite. Additionally, the
MNP exhibited a superparamagnetic nature, as confirmed by VSM
characterization (Fig. S3).

3.2. Cu-rich AMD treatment

After the physicochemical characterization of the iron oxide system,
it was applied as an adsorbent of metal contaminants present in a Cu-
rich AMD. It was decided to apply it in two processes: (i) directly to
the Cu-rich AMD (pH 2.9) and (ii) in a two-step treatment, namely, the
addition of the MNP followed by a basification (up to pH 6.0). Table 1
shows the chemical composition of the synthetic Cu-rich AMD before
and after the direct and the two-step treatment. The results showed that
as the Cu-rich AMD is directly treated with the MNP, a significant
decrease in the total metal concentration occurred for Cu (20 %), Zn
(14 %), Ca (5 %), Co (4 %), Mg (4 %). Interestingly, no significant
change was found for Fe total concentration, indicating that no signifi-
cant Fe dissolution from nanoparticles occurred during the current
treatment.

Because the composition of the Cu-rich AMD is a highly saturated
medium, we also evaluated the effect of the basification on the total
metal concentration (without the presence of MNP). As expected, the
total metal concentration significantly decreased after basification for
several metal contaminants via precipitation. Basification in the absence
of the MNP removed both Fe and Al and decreased Cu (58 %), Zn (34 %),
Mg (6 %), and K (4 %). Additionally, no significant change occurred for
Ca, Na, and Co. More importantly, the two-step treatment of AMD using
a combined approach of MNP and basification evidenced an even
greater decrease in the metal concentration for Cu (70 %), Co (13 %),
and Mg (10 %), along with no presence of either Fe or Al. It is important
to note that the use of MNP confers a distinct advantage over Cu-rich
AMD treatment alone, as it not only removes the majority of the metal
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Fig. 6. (a) XRD, (b) FTIR, and (c) survey XPS spectra of the synthesized MNP and its sludge after the Cu-rich AMD treatment.

via precipitation but also significantly improves the separation of the
sludge and solution, such as been described for iron oxide nanoparticles
applied to the treatment of gold and coal mine AMD [13,43,44].

In order to grasp a better understanding of the Cu adsorption
mechanism from AMD onto MNP, kinetic reaction models were used. As
shown in Table 2 and Fig. 4, the experimental data for Cu adsorption on
MNP at pH 2.9 and 6.0 were fitted with a PSO kinetic model. Based on
the data presented in Table 2, the correlation coefficients R? for the PSO
model were quite good. Additionally, the fitting diagram reflects this
finding (Fig. 4). It is essential to highlight that the pronounced elevation
of the Cu adsorption curve at pH 6.0 compared to pH 2.9 signifies a
substantial contribution of precipitation processes. Thus, these results
suggest that during the Cu adsorption process on MNP, the rate of
adsorption was influenced by the high concentration of Cu in the solu-
tion and the pH.

As SEM-EDX was used to explore the elemental distribution in the
solid sludge materials, several metal contaminants from Cu-rich AMD
are detected (Fig. 5). Fig. 5a and ¢ show SEM images of sludge’s mate-
rials at pH 2.9 and 6.0, respectively. In both cases, structures around 10
um were observed. On the other hand, Fig. 5b and d present the EDX
analysis of the contaminant element detected in the sludge materials at
pH 2.9 and pH 6.0, respectively. The main elements detected in both
sludges were Fe, Cu, S, and Al. In the two-step treatment (sludge at pH
6.0), peaks corresponding to Fe and O decrease significantly in line with
the increase in Cu, S, and Al due to the adsorption of metal contaminants
on the surface of the MNP.

Fig. 6a shows the XRD patterns of representative sludge samples after
the treatment of Cu-rich AMD. As shown in Fig. 6a, the XRD patterns of
sludges showed the characteristic diffraction indices of our MNP. This
indicates the preservation of the crystal structure of our MNP after the
Cu-rich AMD, even at the lower pH, which is consistent with the atomic
absorption spectroscopy results. However, it is important to note that
the crystalline degree of the MNP slightly decreased after the treatment
of the Cu-rich AMD. Likewise, this decrease in the crystallinity became
stronger after the two-step treatment due to the huge amount of

amorphous material adsorbed onto the MNP surface.

With the aim of characterizing the functional groups of the MNP and
the sludges after the Cu-rich AMD treatments, an FTIR study was carried
out (Fig. 6b). MNP showed two bands corresponding to the character-
istic asymmetric stretching mode of FeO at 538-634 cm ! [34]. For all
samples, a band at 1401 cm™! was observed, which corresponds to the
characteristic vibration of adsorbed CO5 on the iron oxides surface of the
MNP [45]. After treating Cu-rich AMD with MNP, several specific bands
appeared at 950-1200 cm ! related to stretching vibration mode. Four
bands at pH 2.9 were observed at 990, 1050, 1133, and 1201 cm L. The
band at 990 cm™! is assigned to the symmetric stretching band (v1),
which becomes IR active when the symmetry is lowered. The other two
peaks at 1050 and 1133 cm ™" are assigned to the asymmetric stretching
(v3) vibrations [46]. Similar bands have been reported in sulfated metal
oxide materials, such as sulfated TiO, materials prepared by sol-gel
method [47]. On the other hand, at pH 6.0, the intensities of these
bands increased after the two-step treatment of Cu-rich AMD and even
became a unique intensified one. In this case, the band at 1102 cm™!
indicates that sulfate is only bound as outer-sphere complexes [46].
Also, two bands at 1628 cm ™! and 3428 cm ™! due to the bending mode
of water and the stretching mode of adsorbed water, respectively, were
detected in all samples. However, the 3428 cm™! band exhibited a
broadening for sludge samples. All these results indicate that the metal
adsorption mechanism on the MNP depends on the pH. Also, the MNP
after the Cu-rich AMD treatments with XPS spectroscopy was analyzed,
intending to get an insight into the surface composition. Fig. 6¢ com-
pares the XPS survey spectra of the MNP and the sludges resultant after
the treatment at pH 2.9 and the two-step counterpart at pH 6.0. For all
samples, the predominant signals were O 1s and Fe 2p, centered at about
530 eV and 710 eV, respectively, due to the inherent chemical nature of
the MNP [39]. However, after the Cu-rich AMD treatment, the sludges
showed interesting changes. First, the sludge at pH 2.9 exhibited a weak
signal corresponding to the Cu 2p (933 eV), indicating the adsorption of
Cu. Second, after the two-step treatment of the Cu-rich AMD, several
signals corresponding to Cu 2p (933 eV), S 2p (164 eV), Al 2p (74 eV),
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Fig. 7. High-resolution O 1s and Fe 2p XPS spectra of the synthesized MNP and its sludge after the Cu-rich AMD treatment. Me stands for metal.
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Fig. 8. High-resolution Cu 2p XPS spectra of the sludge after the Cu-rich
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and Co 2p (780 eV) appeared, confirming that the adsorption of these
metal contaminants present in the Cu-rich AMD solution takes place on
the surfaces of the MNP. These results align with the analytical results
obtained from the chemical analysis of the solution after the two-step
treatment.

To visualize the chemical state of the MNP after the Cu-rich AMD

treatment, the high-resolution spectra in the region of Fe 2p, O 1s, and
Cu 2p in the corresponding sludge samples were analyzed. Fig. 7 com-
pares the chemical state of O 1s and Fe 2p core level spectra between the
MNP composite and its sludges after the Cu-rich AMD treatment at
different pH. Fig. 7a shows the peak fitting for the O 1s core-level
spectra. Two peaks at 529.9 eV and 531.6 eV were related to species
adsorbed onto the surface of Fe-O and O-H, respectively [36].
Remarkably, in both sludges of pH 2.9 and 6.0, the oxygen peak shifted
toward higher energies. However, the change is more evident in the
sludge of pH 6.0 due to the large amount of metallic cations adsorbed
onto the MNP surface [48]. In Fig. 7b the Fe 2p3/; exhibits two peaks at
710.3 eV and 712.0 eV assigned to the Fe>* and Fe" valence states
[37]. Interestingly, after the Cu-rich AMD treatment, the proportion of
these contributions changes compared to the pristine MNP. In fact, there
was an increase in the Fe3* contribution due to surface oxidation that
increased with the basification. Also, the spin-orbit coupling changes
slightly from 13.6 eV to 13.7 eV.

Fig. 8 shows the Cu 2p core level spectra of the representative sludge
samples. The Cu 2p exhibited the typical double peak at 952.8 eV and
932.9 eV, corresponding to the (Cu 2p;;2) and (Cu 2p3/») signals,
respectively. First, it is worth mentioning that the signal of Cu 2p
significantly increased in the sludge with a pH of 6.0 compared to the
sludge with a pH of 2.9. Also, due to the low intensity in the Cu 2p signal
of the sludge of pH 2.9, we only performed a peak fitting analysis in the
sample of sludge of pH 6.0. Thus, the determination of the chemical state
by peak fitting analysis of Cu 2p3/, indicated two characteristic
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contributions at about 932.8 eV corresponding to Cu?* and 934.1 eV
related to Cu-O [49]. It is important to mention that there was no evi-
dence of Cu* reduction into Cu®. Previously, the reduction of this metal
has been documented during the study of nanoscale zerovalent iron
(nZVI) for the specific creation of Cu nanoparticles from AMD. The au-
thors verified the presence of nanoparticles containing metallic copper
(Cuo) using XPS. The process of Cu removal was determined to be most
likely by cementation with metallic iron (Feo) [50].

XANES spectra Fe K-edge and pre-edge for MNP and its sludge after
the two-step treatment are shown in Fig. 9a. The common features
observed in the spectra of the MNP and its sludges suggested that Fe304
was the main iron oxide phase, as indicated by the previous character-
izations. Table S2 summarizes the position of the edges and their relative
displacement from the metallic state position. Kunzl’s law states that the
displacements of the edge position are associated with changes in the
oxidation state, providing a reasonable estimation of the oxidation state
in many compounds [51]. Therefore, the valence can be linearly fitted
against the edge position. Following Kunzl’s proportionality, the iron
oxidation state for MNP was Fe™>* while the sludge of pH 2.9 and the
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sludge of pH 6.0 were Fe™>* and Fe*2®, respectively. These results
suggest that the acid pH solution does not significantly affect the
average iron oxidation state. On the other hand, the oxidation state
increased after the basification process. Fig. 9b shows the Fourier
transform (FT) of the EXAFS signal for MNP and its sludge after the
two-step treatment. As the figure shows, the EXAFS also pointed out that
magnetite is the main component in the sludges. The higher intensity of
the FT in the sludge of pH 6.0 suggested a more defined phase compo-
sition driven by the basification process.

Additional information on the Cu speciation in the MNP surface is
provided by analyzing the Cu K-edge. Fig. 9c shows the Cu K-edge
spectra of the MNP and its sludge after the two-step treatment. Spectra
from the sludge samples shared the main features with the spectrum of
the CuSO4 and Cu oxides. However, the prominence of a second reso-
nance after the main peak coincided with the one presented in the
metallic Cu spectrum. By performing a semiquantitative estimation of
the phase composition by least-square fitting with the main references
[52,53] (Fig. S4), it is observed that in the sludge of pH 2.9 Cu is
adsorbed on the surface as a combination of CuO (29 %) and CuSOg4
(71 %). At the sludge of pH 6.0, the Cu is adsorbed in a larger relative
composition in CuSOy4 (56 %) and Cu30 (20 %) plus CuO (24 %). The Cu
relative composition agreed with the average oxidation state estimated
by the edge position spectra, Cut? in the sludge of pH 2.9 and Cu™?* in
the sludge of pH 6.0 (see Table S2). The local structure of Cu determined
by EXAFS (Fig. 9d) shows a coordination shell close to the one corre-
sponding to CuSO4 and main oxides (CuO, Cup0) in the real space.

3.3. DFT calculations and adsorption mechanism

We conducted first-principles calculations using DFT theory to
enhance the understanding of how different Cu ion species adsorb to the
surface of Fe304 according to the pH of Cu-rich AMD. According to
previous experimental results, when iron oxides are immersed in an
aqueous solution, they acquire surface groups such as -FeOH, among
others [54]. Under conditions where the pH value was either above or
below the isoelectric point, protonation or deprotonation leads to the
conversion of hydroxyl groups of -FeOH on the surface into functional
groups of FeOH; or FeO™ [55]. Thus, the equilibrium between proton-
ation and deprotonation occurs at the isoelectric point of Fe3O4 and is
dependent on the solution pH [56]. For that reason, in the present study,
the optimized Fe3O4 bulk was used to build the (001) surface structure
with two different terminations (-FeOH and -FeO were used to simulate
pH 2.9 and pH 6.0 of Cu-rich AMD, respectively) to simulate the effect of
pH on the surface chemistry of the MNP in aqueous solution (Fig. S5).
Also, earlier research has shown that Cu?', Cu(OH)™ and Cu(OH),
(which can precipitate; see discussion of Figure S6) are the main types of
Cu ions found in water below pH 7, with Cu?* being the main type of
chemical at lower pH levels [57]. For that reason, we considered these
Cu ion species in our simulations. Fig. 10 shows the optimized Cu?* and
Cu(OH)" ion onto the Fe304 (001) surface models. It is interesting to
note that the adsorption of both types of Cu species was thermody-
namically favorable in the different Fe3O4 (001) termination surface
models. However, significant differences exist in the adsorption energies
onto the -FeOH and -FeO termination surfaces. On the one hand, the
calculated adsorption energy of Cu?" on the surface of -FeOH termina-
tion was — 0.94 eV. On the contrary, the calculated adsorption energies
of Cu?>" and Cu(OH)" on the surface of the -FeO termination were —
4.40 eV and — 3.12 eV, respectively, which is significantly lower than
the -FeOH surface. Likewise, the adsorption energy of Cu(OH), on the
surface of the -FeO termination of the FegO4 was — 3.63 eV (Fig. S6).
These results indicate that the adsorption of Cu species onto the -FeO
surfaces (simulating pH 6.0) is thermodynamically more stable than on
the -FeOH surface (simulating pH 2.9). As shown in Fig. 10a-f, it is
evident that Cu species exhibit various adsorption sites on the surface.
On the one hand, the Cu?" interacts mostly with O atoms in the -FeO
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Fig. 10. Optimized adsorption and CDD of Cu ion species on the Fe304 (001) surface models used in the present study (a—c side views and d-f top views). For the
-FeOH termination surface models, only cu®'is optimized (a, d, and g), while for the -FeO termination surface model, both Cu®* (b, e, and h) and Cu(OH)" (c, f, and
) have been optimized. Fe, Cu, O, and H atoms are represented by brown, blue, red, and white balls, respectively.

surface termination, creating Cu-O complexes. On the other hand, at the
-FeOH surface the H atoms prevent the formation of Cu-O complexes. Cu
(OH)" interacts primarily with the O atom of ~OH and forms Cu-O-Fe
complexes by combining with Fe atoms, as described previously for
specularite, a a-FeoO3-based iron oxide mineral [58]. Additionally, the
adsorption energies for the other metallic chemical species (M"") found
in our Cu-rich AMD can be seen in Table S3. To further explore the
correlation between Cu ion species and the FesO4 (001) surface,
Fig. 10g-i displays the electron density around adsorbed Cu?>" and Cu
(OH)" ions. Here, as the color changes from yellow to green, the atoms
gradually lose their ability to absorb electrons. As can be appreciated in
Fig. 10g-h, there was an increase in electron density around the Cu®* for
both, while O atoms interacting with Cu®" decreased their electron
density. However, on the -FeOH terminating surface, the presence of H
atoms passivated the variation of the electron density coming from O
atoms. The situation was more complicated for the adsorption of Cu
(OH)™.

Fig. 11a-b shows the partial density of states (pDOS) for the atoms at
a Fe304 (001) slab model and the adsorbed Cu?* ion around the Fermi
Energy (Ep). In general, the pDOS for the -FeOH termination exhibited
high-intensity localized Cu d states. On the contrary, the pDOS for the
-FeO termination showed wide Cu 3d states hybridization with O 2p
states, indicating the formation of Cu-O complexes.

Taking together, according to the results described in the present
study, the treatment of Cu-rich AMD with the use of MNP exhibits sig-
nificant removal of metal contaminants (Cu, Co, Zn, Fe, and Al).
Enhanced efficiency is observed through a two-step treatment involving
both MNP addition and basification. It is important to mention that
adsorption of heavy metal ions onto nanoadsorbents has been described
via various mechanisms, such as physical adsorption, chemisorption,
electrostatic interactions, simple diffusion, intra-particle diffusion,
hydrogen bonding, redox interactions, complexation, ion exchange,
precipitation, and pore adsorption [59]. The results of our research

10

indicate that the adsorption kinetics can be described by a
pseudo-second-order model. Moreover, a physical adsorption process at
pH 2.9 and a combined precipitation/chemical adsorption process at pH
6.0 were determined. Although numerous reports have discussed the use
of iron oxides for remediating heavy metals from wastewaters [60-63],
the removal mechanisms related to iron oxide nanoparticles are the
subject of apparent inconsistencies in the scientific literature [64].
Several research studies propose that the mechanism at the atomistic
level involves physisorption or van der Waals interactions [65].
Conversely, others describe chemical reactions involving functional
groups known as chemisorption [66,67]. In our case, DFT calculations
reveal that the adsorption mechanism is pH-dependent, with stronger
Cu-O bond formation occurring at higher pH levels. Thus, it is important
to remark that the operational mechanism is contingent on the pH level
of the solution. At pH 2.9, all metals are in their cation form (for example
as Cu®") and the Fe304 (001) termination is protonated. The cations can
adsorb with the hydroxylated-terminated sites of the MNP, involving the
formation of van der Waals interactions as a physisorption process:

Cu*t + Bulk — FeOH < Bulk — FeOH — Cu (O]

where Bulk — FeOH represents the surface of the MNP and Bulk —
FeOH — Cu represents the cu?t physisorbed onto the surface of the MNP.
Consequently, at this pH level, the adsorption of Cu?* on the Fe304
(001) surface at pH 2.9 is weak (— 0.94 eV).

On the contrary, when the pH level is 6.0, metals exist in a mixture of
cations, and cation-hydroxide forms due to basification, while oxy-
hydroxide precipitates can also occur (here simplified by Cu(OH); see
Fig. S6). Likewise, at this pH level, the Fe3O4 (001) termination is
deprotonated. The metal species can react with the O-terminated sites of
the MNP, involving the formation of cation-oxygen bonds represented
by the complexation surface reactions:

Cu*t + Bulk — FeO—Bulk — FeO — Cu (5)
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of the adsorption mechanism of Cu species from Cu-rich AMD on MNP.

Cu(OH)" + Bulk — FeO—Bulk — FeO — Cu + OH~ (6)

where Bulk — FeO and Bulk — FeO — Cu represent the O-terminated
sites of the MNP and the Cu adsorbed to it, respectively. In this case, the
adsorption of Cu?*, Cu(OH)* and Cu(OH); on the surface of Fe304 (001)
at pH 6.0 is strong (— 4.40 eV, — 3.12 eV and — 3.63 eV), resulting in the
formation of chemical bonds between the adsorbate and the adsorbent
and involving both chemisorption and precipitation processes.

4. Conclusions

In the present study, a MNP has been synthesized by the co-
precipitation method and further applied in the treatment of Cu-rich
AMD at different pH values. The resulting MNP and the respective
sludge samples after the Cu-rich AMD treatment were characterized in
terms of crystal structure, physical properties, morphology, size, and
chemical composition. The experimental results showed that the MNP
exhibited excellent adsorption capacity for Cu ions in the AMD, even at
acid pH. We identified the chemical species adsorbed onto the MNP, the
oxidation state of the resultant sludge after the Cu-rich AMD treatment,
and the short-range ordering of metal contaminant species on the sur-
face of the MNP. Furthermore, DFT calculations were performed to gain
insights into the underlying mechanism of Cu adsorption onto the iron
oxide MNP. The adsorption mechanism between MNP and Cu species is
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primarily attributed to metal cation-oxygen bond surface complexation
at pH 6.0 and physisorption at pH 2.9. To sum up, this experimental and
theoretical investigation of the treatment of Cu-rich AMD using iron
oxide MNP has provided valuable insights into the adsorption behavior
and mechanisms involved in removing Cu ions from AMD. This infor-
mation will help to solve the adsorption mechanism of metal contami-
nants onto the surface of the MNP, thus allowing us to engineer them
more specifically.
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