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Introduction: In this work, bimetallic nickel/iron nanoparticles (Ni/Fe0) were
prepared to enhance rhenium (Re(VII)) immobilization from aqueous solutions,
as the surrogate of technetium (Tc(VII)).

Methods: Two synthesis approaches of Ni/Fe0, pre-, and post-nucleation, were
investigated towards Re(VII) removal. Different characterization techniques were
considered to elucidate the physicochemical features of the fresh and reacted
materials, such as scanning transmission electron microscopy-energy dispersive
X-ray spectroscopy (STEM-EDX), X-ray diffraction (XRD), and X-ray absorption
near edge spectroscopy (XANES). The influence of several reaction parameters on
Re(VII) removal was investigated, including Ni/Fe0 ratio, dosage, initial pH,
temperature, and initial concentration.

Results and discussion: Results showed a promising potential of Ni/Fe0, either
pre- or post-nucleation synthesized, in Re(VII) removal, especially at the early
stage of the reaction, where Ni/Fe0: 0.4 yielded almost full removal efficiency of
initial 15.0 μM-Re(VII) within the first 10 min of reaction. Even at low Ni/Fe0

dosages, such as 0.25 and 0.5 g/L, reasonable removal efficiency was achieved
after 2 h reaction time of ~73% and ~98%, respectively. Unlike acidic/neutral pH,
alkaline conditions were not favorable for Re(VII) removal by Ni/Fe0 owing to the
delayed aqueous corrosion of Fe0-core resulting in insufficiency of electrons
available for Re(VII) reduction. The reductive abilities were confirmed by XANES,
revealing Re(VII) reduction to Re(IV)/(III) by the released electrons from Fe0-core in
both Fe0 and Ni/Fe0 materials. Pseudo-first- and second-order kinetic models
were suitable to describe Re(VII) removal by Ni/Fe0, implying physical and/or
chemical processes were involved. Zeta potential measurements depicted the
point of zero charge (pHPZC) of Fe

0 and Ni/Fe0 to be 8.24 and 7.63, respectively,
suggesting the involvement of electrostatic sorption of ReO4− on the positively
charged surface of Ni/Fe0. The occurrence of multi- and mono-layer sorption
within Re(VII) removal process was implicated, following Freundlich and Sips
isotherm models. The presence of Ni0/NiO on Fe0-surface resulted in
providing an efficient electron-transfer medium that facilitated Re(VII)
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reduction, leading to impressive kinetic rates. Overall, our study provided valuable
insights into the use of Ni/Fe0 for Re(VII) removal from water and offered guidance
for future research in such an aspect towards the pilot-scale applications of Tc(VII)
removal from nuclear wastewater.

KEYWORDS

bimetallic iron nanoparticles, rhenium (VII), reduction, characterization, removal
mechanism, kinetics

1 Introduction

The rapid development of nuclear power technologies has led to
increased water contamination around the world. Nuclear industries
produce large amounts of wastewater as a byproduct of the generation
of nuclear energy, containing a variety of harmful contaminants,
including radionuclides, heavy metals, and other chemicals
(Sakaguchi et al., 2012; Tanaka et al., 2012). Nuclear power plants
represent the major source of radioactive contamination in many
countries, including France, Germany, Japan, the United Kingdom,
and the United States, with more than 90% of the radioactive
contaminants in the discharged wastewater from nuclear power and
fuel reprocessing plants (Chung et al., 2011; Sheng et al., 2016).
Correspondingly, the continued growth of the nuclear power
industry is likely to result in even more water contamination in the
future. Technetium-99 (99Tc) is one of the long-lived radionuclides
(half-life: ~2.13 × 105 years), which represents themain fission products
of uranium-238 (238U) (Burton-Pye et al., 2011; Fan et al., 2013). 99Tc
commonly occurs in the heptavalent (Tc(VII)) anionic form of
pertechnetate (TcO4

−), which is highly mobile and soluble (Tanaka
et al., 2019b). Tc(VII) enters water sources through contamination from
industrial processes, such as the reprocessing of nuclear fuels. In large
enough quantities, Tc(VII) can be harmful to human health, as it causes
toxic effects if ingested and damage kidneys and other organs when
exposed to its high levels (Cothern and Lappenbusch, 1985; Fu et al.,
2020). Additionally, Tc-related issues and challenges are persistent
within various nuclear industry applications. For instance, one of the
long-term technical challenges of Tc separation is the volatility of its
compounds within the vitrification of low activity nuclear waste.
Tc(VII) is significantly volatile at the high typical vitrification
temperatures (1,100—1,200°C), unlike it reduced form (Tc(IV))
which is less volatile under such conditions (Lukens et al., 2007).
Such challenge is faced during the treatment process of low activity
waste stream via Tc combination with borosilicate glass, where volatile
Tc(VII) is recovered in the off-gas condensate solution within the
treatment system (Boglaienko et al., 2019). Meanwhile, Tc remains a
major environmental problem at nuclear reprocessing plants, where Tc-
loaded liquid waste is released into the subsurface environment. The
high abundance of Tc in such liquid waste suggests the challenge of
aqueous immobilization of the highly mobile Tc(VII). It is critical for
Tc(VII) in aqueous waste streams to be immobilized into a stable form
towards waste disposal with less environmental contamination risks.
Hence, the rapid and efficient Tc(VII) removal from radioactive water
has emerged as a challenging issue. Correspondingly, the reduction
separation of the highly mobile and soluble Tc(VII) to Tc(IV), which is
much less mobile and soluble in the environment, by electron-donor
materials would be significantly beneficial with regard to the
abovementioned challenges.

Zero-valent iron nanoparticles (Fe0) have been widely utilized as an
efficient reactive material towards reducible contaminants owing to the
suitable redox potential and the unique core-shell structure. Several
removal mechanisms can be involved within the reaction of Fe0 with
most of the soluble contaminants, including reduction by the released
electron from the iron core (electron donor), adsorption on the formed
passivation iron oxy/hydroxide shell (high-capacity adsorbent), and
possible co-precipitation of contaminants species with the released iron
oxides (precipitation facilitator) (Tosco et al., 2014; Mukherjee et al.,
2016). Nevertheless, several modification techniques have been
suggested to overcome Fe0 drawbacks in real water treatment
applications (e.g., aggregation, poor aqueous suspension, and low
mobility), including stabilization (Eljamal et al., 2020), supporting
(Idham et al., 2022; Islam et al., 2023), coating (Maamoun et al.,
2022b, 2023b). In spite of the efficacy of these modification
techniques in solving Fe0 issues, they are not favorable for reducible
contaminants, whose removal process requires rapid release of electrons
from the iron core and highly reactive surface of the particles. Using
polymer stabilizers or non-magnetic coatingmaterials shall improve the
anti-aggregation effect of Fe0 nanoparticles, yet the iron-core
consumption can be delayed causing a progressive reduction of the
contaminants, which has been previously proven towards the reducible
nitrate (NO3

−) (Eljamal et al., 2020; Maamoun et al., 2020). The non-
magnetic coating of magnesium hydroxide, with moderate water-
solubility, exhibited efficient preservation of the Fe0-core from the
rapid consumption, preventing the formation of the passivation film
on the surface of the nanoparticles; confirmed by the low-release
profiles of Fe(II/III) (Maamoun et al., 2020, 2022b). Meanwhile,
despite the anti-aggregation effect, supporting Fe0 nanoparticles on
high-surface area supporting materials is not as efficient as the coating
modification techniques in suppressing the surface passivation. Hence,
doping the surface of Fe0 with another metal (e.g., copper (Cu),
palladium (Pd), platinum (Pt), silver (Ag), nickel (Ni), etc.) yields
bimetallic nanoparticles with a remarkably reactive surface, higher
catalytic properties, and improved removal capabilities towards
reducible contaminants (Rivero-Huguet and Marshall, 2009).
Different studies reported the superiority of Pd and Ni, as the
doped-metal, to most other metals, represented by better removal of
reducible contaminants, such as nitrate, hexavalent chromium,
trichloroethylene, and chlorinated organic compounds (Yang et al.,
2008; Rivero-Huguet and Marshall, 2009; Zhang et al., 2010; Liu et al.,
2022; Venkateshaiah et al., 2022). Nevertheless, using Ni in bimetallic
Fe0 may have advantageous features, including the cost-efficiency
(compared to the high-cost Pd), the catalytic activity of Ni, the
ability to act as an electron transfer medium to overcome the self-
inhibition in electron transfer, and the high specific surface area of Ni/
Fe0 material that yields more active sites (Liu et al., 2022). The potential
of metal doping in enhancing the kinetic rate of iron-based materials

Frontiers in Nuclear Engineering frontiersin.org02

Maamoun et al. 10.3389/fnuen.2023.1142823

https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2023.1142823


towards 99Tc was recently explored. Lee et al. investigated the effect of
modifying magnetite with Ni, Zn, and Co. metal dopants on 99Tc
incorporation and retention, where the highest retention rates were
recorded for Co.; by increasing the overall reducing capacity of the
spinel material (Lee et al., 2016, 2020). Nevertheless, it is still worthy to
investigate the effect of metal doping on the chemically synthesized Fe0

nanoparticles, as a material with high reactivity, and the corresponding
influence on Tc(VII) reduction rate.

ReO4
− + 4H+ + 3e− → ReO2 + 2H2O E0 � −0.548V( ) (1)

TcO4
− + 4H+ + 3e− → TcO2 + 2H2O E0 � −0.361V( ) (2)

Rhenium (Re) is considered the common chemical analogue for Tc
owing to their similar physiochemical features. Both Re and Tc share
the same stable VII oxidation state of perrhenate (ReO4

−) and
pertechnetate (TcO4

−), respectively (Li et al., 2016). Furthermore,
both ReO4

− and TcO4
− can be reduced to IV oxidation state via

electron-donor materials, with a standard redox potential (E0)
of −0.548 V and −0.361 V, respectively (Maset et al., 2006; Liu et al.,
2013; Wu et al., 2014). Such a difference in reduction potential reflects
that Tc(VII) is easier to be reduced than Re(VII) which requires more
drastic reduction conditions, which has been previously proven (Maset
et al., 2006; Dolor et al., 2009). Hence, to ease the experimental work and
avoid radioactivity-related complications, Re(VII) was considered the
target contaminant in this work as Tc(VII) analogue. Nevertheless,
several reports focused on studying their chemical differences under
different redox conditions, which influences the applicability of Re as a
Tc surrogate (Lukens et al., 2007; Buechele et al., 2010; Kim and Kruger,
2018). For instance, dissimilarities were observed in the speciation and
volatility of Re and Tc species, where Re(IV) disproportionation at high
temperatures caused its instability, unlike the Tc(IV). Such observations
implied the crucial role of controlling Tc volatility within the real
applications of nuclear waste vitrification (Lukens et al., 2007). Thus, Re
can be a good Tc surrogate under oxidizing conditions, while any slight
change towards the reducing conditions may limit its applicability
(Lukens et al., 2007; Kim and Kruger, 2018). Hence, it is crucial to study
the potential of electron-donor materials for the reduction of both
Re(VII) and Tc(VII) at different redox conditions to predict their
behaviors in the real complex systems.

In this regard, several reported studies investigated the use of
Fe0-basedmaterials for the reductive immobilization of Tc(VII) and/
or Re(VII). Lingxiao et al. used Fe0 nanoparticles supported on
D001 resin for the removal of Re(VII) from water within batch and
column experiments (Fu et al., 2020). In spite of the well-known
high reactivity of experimentally synthesized Fe0 via chemical
reduction method, just ~80% Re(VII) removal efficiency was
achieved after 24 h reaction time considering 10 mg/L initial
Re(VII) concentration and 10 g/L D001- Fe0 (Fu et al., 2020). A
relatively slow kinetic rate was observed, which could be infeasible
considering the high Fe0-based material dosage and the acidic
pH conditions. In another study, porous and granular iron (pFe
and gFe) were used for Re(VII) removal from artificial groundwater,
where high dosages of pFe and gFe (up to 10 g/L) were required to
remove ~97% and 12%, respectively, of 0.06 mM initial Re(VII)
concentration at pH 6.7 (Li et al., 2019). Li et al. studied the reductive
immobilization of Re(VII) by graphene-modified Fe0 using a plasma
technique, where a pH-dependent removal process was determined
(Li et al., 2016). At neutral pH, rGO-Fe0 achieved an equilibrium

Re(VII) removal efficiency of ~15%, with a slow kinetic rate which
needed ~50 min to be reached (0.1 g/L dosage and 20 mg/L initial
Re(VII) concentration) (Li et al., 2016). Contrarily, pH 3.8 exhibited
~65% removal efficiency after 1-h reaction time (Li et al., 2016).
Hence, it can be implicated that a higher kinetic rate is one of the
challenges in Re(VII) removal process that should be addressed.
With regard to Tc(VII) reduction by Fe0-based materials, Emerson
et al. used commercial Fe0, with an average particle size of 75 μm, for
Tc(VII) reduction to Tc(IV) at initial neutral pH and 0.08 M NaCl.
Fe0 dosage of 0.5 g/L achieved >99% removal efficiency of initial
Tc(VII) concentration of 500 μg/L (5.0 μM); while aging time of Fe0

was a crucial factor (Emerson et al., 2020). In another study, the
manufacturing method of commercial Fe0 had a significant effect on
its reductive separation of Tc(VII) from aqueous waste streams,
where electrolytic method showed the best removal performance
(Boglaienko et al., 2019). As formerly mentioned, using supporting
materials (with high specific surface area) or polymer/organic
stabilizers to modify Fe0 can overcome its aqueous issues. The
discrete distribution of Fe0 nanoparticles on the supporting
material or the anti-aggregation effect of the stabilizer may
provide higher specific surface area of the particles and thereby
more available binding sites. Darab et al. studied supported Fe0 on
different inorganic supporting materials, where nanocrystalline
zirconia-supported Fe0 and silica-supported Fe0 could efficiently
remove TcO4

− from simulated nuclear waste streams at highly
alkaline and near-neutral conditions, respectively (Darab et al.,
2007). Meanwhile, using a water-soluble starch stabilizer for Fe0

nanoparticles enhanced the anti-aggregation effect as long with
exhibiting high Re(VII) reduction rate constants, especially at
high reaction temperatures (0.428 1/hr at 45°C) (Ding et al., 2013).

Despite the adequate number of reported studies on Tc(VII)
and/or Re(VII) removal by Fe0-based materials, there is a gap in the
literature on using bimetallic Fe0 in this regard, especially Ni/Fe0

material. Hence, the aim of this work is to utilize bimetallic nickel/
iron nanoparticles (Ni/Fe0) in enhancing the immobilization of
rhenium Re(VII) from aqueous solutions, as the surrogate of
Tc(VII). The specific objectives of this paper are: (1)
Investigating two synthesis approaches of Ni/Fe0, pre-, and post-
nucleation, towards Re(VII) removal; (2) detailed characterization
of fresh and reacted Fe0 and Ni/Fe0, considering scanning
transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDX), X-ray diffraction (XRD), and X-ray
absorption near edge structure (XANES); (3) determination of the
influence of various reaction parameters on removal efficiency,
including Ni/Fe0 ratio, dosage, initial pH, reaction temperature,
and initial Re(VII) concentration; (4) interpreting experimental
removal data via kinetic, isotherm, and thermodynamic models;
(5) revealing the removal pathways of Re(VII) by Ni/Fe0 and
evaluating the potential limitations and challenges of this
technology.

2 Materials and methods

2.1 Chemicals

Ferric chloride hexahydrate (FeCl3.6H2O, purity >99.0%,
FUJIFILM Wako Co., Japan), and sodium borohydride (NaBH4,
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purity >95.0%, Tokyo Chemical Industry Co. (TCI), Japan) were
used for the synthesis of Fe0. Nickel chloride hexahydrate
(NiCl2.6H2O, purity >98.0%, FUJIFILM Wako Co., Japan) was
used as Ni2+ source in the preparation of Ni/Fe0. Ammonium
perrhenate (NH4ReO4, purity >99.0%, Sigma Aldrich Inc,
United States) was considered for the preparation of Re(VII)
stock solutions. Sodium hydroxide (NaOH, FUJIFILM Wako Co.,
Japan), and nitric acid (HNO3, FUJIFILM Wako Co., Japan) were
used for pH adjustment. Sodium chloride (NaCl, purity >99.5%,
FUJIFILM Wako Co., Japan), sodium nitrate (NaNO3,
purity >99.0%, Kanto Chemical Co. Inc, Japan), and sodium
sulfate (Na2SO4, purity >99.0%, FUJIFILM Wako Co., Japan)
were used in the co-existing ions experiments. Anthrarufin or
1,5-dihydroxyanthraquinone (C14H8O4, Tokyo Chemical Industry

Co. (TCI), Japan) was used to study the effect of Fe(II)-chelating
agent on Re(VII) removal. Ethanol (C2H5OH, purity >99.5%,
FUJIFILM Wako Co., Japan) was used for washing the freshly
synthesized materials. Ultrapure water (Millipore Direct-Q® 3UV
Water Purification System, Millipore Sigma Co. United States) was
considered for preparing all solutions. All solutions were purged
with argon (Ar) gas before being used in synthesis or immobilization
experiments.

2.2 Fe0 synthesis

Fe0 was experimentally prepared using the chemical reduction of
ferric precursor by borohydride reductant within the aqueous phase.

FIGURE 1
XRD patterns of fresh and spent Fe0 and Ni/Fe0 (reaction conditions: ~100 μM initial Re(VII) concentration, and 5.0 ± 0.2 initial pH).
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Synthesis conditions were typical to the previously conducted
optimization of Fe0 synthesis (Maamoun et al., 2023a). Briefly,
the reductant solution was added incrementally to the precursor
solution considering a precursor/reductant mass ratio of 2.27, and
mechanically mixed at 300 RPM. The synthesis was conducted in a
water bath at 30°C ± 1.0 and under Ar gas pruning to provide an
anaerobic environment. After agitating time of 5 min, the black Fe0

precipitates were collected via vacuum filtration (0.45 µm
membrane filter, Advantec Co., Japan) and washed several times
with ethanol. The freshly synthesized Fe0 was immediately used for
Re(VII) immobilization experiments without any pre-storage.

2.3 Ni/Fe0 synthesis

Two different approaches were considered for the preparation of
Ni/Fe0, considering Fe-nucleation as the reference. The first
approach, pre-nucleation, involved adding Ni2+ precursor into the
ferric solution before being reduced by the borohydride reductant.
While the post-nucleation approach considered the addition of the

freshly synthesized Fe0 to Ni2+ solution. 30 min mixing under Ar gas
purging was utilized in both pre- and post-nucleation approaches.
Nevertheless, in the case of post-nucleation approach, Fe0

suspension was ultrasonicated for 20 min before the mixing
process before being introduced to the Ni2+ solution. Different
Ni/Fe0 mass ratios were considered in both synthesis approaches,
including Ni/Fe0 (wt/wt): 0.05, 0.1, 0.2, and 0.4. The synthesized Ni/
Fe0 was filtrated following the formerly mentioned procedure and
used immediately in Re(VII) immobilization experiments. It is
worth mentioning that Ar gas was used during the whole
filtration process of Fe0 and/or Ni/Fe0, to avoid the oxidation of
the reactive materials before the reaction with Re(VII).

2.4 Materials characterization

Different characterization techniques were considered to
investigate the physicochemical properties of the fresh and spent
materials. X-ray diffraction (XRD, Rigaku SmartLab II, Rigaku Co.
Ltd., Japan) was considered to identify the crystal structure, phases,

FIGURE 2
STEM imaging and EDS elemental mapping of freshly synthesized Fe0 (A), Ni/Fe0 (B), and corresponding spectra (C) (reaction conditions: ~15.0 μM
initial Re(VII) concentration, and 5.0 ± 0.2 initial pH).
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and composition of the materials; using Cu Kα radiation (40 mA
current, 40 kV voltage, 3o/min scanning rate, 0.01o scanning step, and
5o—90o scanning range). SmartLab Studio II, Rigaku Co. Ltd. was
used as the processing software, and integrated X-ray powder
diffraction software (PDXL ver. 2.8.4, Rigaku Co. Ltd.) was used
for XRD patterns analysis. Powder samples were characterized using
high quality glass XRD sample holder (>99.9% (4N) purity
silica, >80% transmittance). Scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-EDS,
JEM-2800, JEOL Co., Japan) was used to determine the
morphological features and the elemental composition of the
materials by analyzing the characteristic X-ray energy, considering

200 kV voltage. Powder samples were dispersed in ethanol under
ultrasonication before being introduced to TEM grid (Cu150). After
room-temperature drying, sample-loaded grid was set in the TEM
holder, then cleaned using Plasma Cleaner (PIE Scientific) for
removing hydrocarbon contamination before the analysis.
Acquisition time of EDS mapping was 250 s (1 frame/10 s) and
dwell time was 152 μsec (10 s/(map resolution 256 × 256 pixels)).
Further SEM-EDS measurements were conducted for spent Fe0 and
Ni/Fe0 (loaded with high Re concentration (~100 μM)), using JSM-
IT700HR InTouchScope SEM (JEOL United States, Inco,
United States). The measurements conditions involved 5.0 kV
accelerated voltage, high vacuum mode, and 1647 CPS count rate.
XANES measurements of Re LIII-edge, Fe K-edge, and Ni K-edge
(fluorescence/transmission modes, beamline 12C) were conducted at
the Photon Factory (KEK, Tsukuba, Japan) for the determination of
the nature of fresh and spentmaterials as well as the oxidation states of
the loaded Re species on the spent Fe0 and Ni/Fe0. For energy
calibration, Fe-foil and Ni-foil were used for Fe and Ni K-edges,
respectively. NH4ReO4 was used for calibration at Re LIII-edge.
Empirically, it was confirmed that energy position did not shift by
replicate measurements of the same standard sample. Standard
materials for XANES measurements were by Fe K-edge (Fe foil
[calib.], Fe0 [synthesized metallic powder], Fe(II) [FeO], and Fe(III)
[Fe2O3]), Ni K-edge (Ni foil [calib.], Ni [metallic powder], Ni(II)
[NiO], and Ni(II) [Ni(OH)2]), and Re LIII-edge (Re(VII) [NH4ReO4

calib.], Re(IV) [ReO2], and Re(III) [K3(ReCl6)]). For Fe and Ni
K-edges (I0) ion chamber for incident X-ray was filled with N2

gas, while (I) ion chamber for transmitted X-ray was filled with N2

(75%) +Ar (25%). For Re LIII-edge (I0) ion chamber was filled withN2

(85%) + Ar (15%) gas, while (I) ion chamber was filled with N2 (75%)
+ Ar (25%). Step sizes were 2—5 eV, 0.25 eV, and 1—2 eV for pre-
edge, XANES, and post-edge regions, respectively. Collection time was
0.5 s at each step for transmission mode, and 2—3 s for fluorescence
mode. For the analysis of XANES spectra, REX2000 ver. 2.5.9 (Rigaku
Co. Ltd.) was used.

2.5 Re(VII) immobilization

Batch experiments were conducted to evaluate the efficiency of Fe0

and Ni/Fe0 in Re(VII) removal from aqueous solutions. Several reaction
parameters were investigated, in the exact following sequence, including
Ni/Fe0 (wt/wt) ratio (0.05, 0.1, 0.2, and 0.4), Ni/Fe0 dosage (0.25, 0.5, 1.0,
1.5, and 2.0 g/L), initial pH (3.0, 5.0, 7.0, 9.0 and 12.0), reaction
temperature (25, 35, 45, and 55°C), and initial Re(VII) concentration
(0.25, 0.5, 1.0, 5.0, 15.0, 25.0, and 50.0 μM). The baseline conditions for
the reaction parameters optimization were an initial Re(VII)
concentration of 15.0 ± 0.62 μM initial Re(VII) concentration, 1.0 g/
L dosage, initial pH of 5.0 ± 0.2, and reaction temperature of 25 ± 1.0°C.
It is worth mentioning that the initial concentration range was decided
considering Tc waste concentrations in real contaminated sites (e.g.,
DOE Savannah River Site (SRS)) to be relevant to remediation scenarios
(Stallings et al., 2005; Li et al., 2019). The Water samples were
periodically withdrawn over 120 min reaction time to be analyzed
for Re(VII) concentration using an inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 7,500, Agilent, Santa Clara, CA,
United States). Re(VII) removal efficiency and uptake capacity were
calculated according to the following equations:

FIGURE 3
XANES spectra of fresh and spent Fe0 and Ni/Fe0: Fe K-edge (A),
Ni K-edge (B), and Re LIII-edge (C).
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Removal ef f iciency R%( ) � C0 − Ct

C0
× 100 (3)

Uptake equilibrium capacity qe( ) � C0 − Ce( )V
m

(4)

where R (%) is removal efficiency, qe (mg/g) is uptake equilibrium
capacity, C0 (mg/L), Ct (mg/L), and Ce (mg/L) denote the initial,
time (t)-corresponding, and equilibrium Re(VII) concentrations,
respectively, V is the solution volume (L), and m stands for the mass
of Fe0 or Ni/Fe0 (g).

2.6 Experimental data modeling

To evaluate the kinetic behavior of Re(VII) removal by Fe0 and
Ni/Fe0, experimental data were fitted using pseudo-first-order,
pseudo-second-order, intra-particle diffusion, and Elovich kinetic
models (Aharoni and Sparks, 1991; Wu et al., 2009; Maamoun et al.,
2021; Falyouna et al., 2022).

Pseudo-first-order model:

qt � qe 1 − e−k1t( ) (5)

Pseudo-second-order model:

qt � qe2k2t

1 + qek2t
(6)

Intra-particle diffusion model:

qt � kintt
0.5 + Cint (7)

Elovich model:

qt � 1
β
ln αβt + 1( ) (8)

where qt (mg/g) represents Re(VII) uptake by a mass unit of either Fe0

or Ni/Fe0 at a predetermined time t (min); k1 (1/min) is the

pseudo-first-order kinetic rate constant; k2 (g/mg min) is the
pseudo-second-order kinetic rate constant; kint (mg/g min0.5) is the
intra-particle diffusion rate constant; Cint (mg/g) is a constant that
represents the boundary layer thickness, β (mg/g min) is Elovich initial
kinetic rate constant, and α (g/mg) is Elovich kinetic rate constant.

For further interpretation of the reaction temperature effect on
Re(VII) removal, investigation on uptake thermodynamics is
crucial. The thermodynamic parameters were determined via the
following equations (Kumar et al., 2011; Ghosal and Gupta, 2015;
Ahmad et al., 2016).

ΔG � −RT lnKe (9)
ΔG � ΔH − TΔS (10)

lnKe � ΔS/R − ΔH/RT (11)
Where ΔG is Gibbs free energy change (kJ/mol), ΔH is enthalpy

change (kJ/mol), ΔS is entropy change (J/mol K), T is the
temperature in K, and R is the universal gas constant (8.314 J/
mol K), and Ke represents equilibrium constant (approximately
estimated from products/reactants concentrations ratio in
equilibrium reactions at different temperatures).

Adsorption isotherm curves are useful for analyzing the
interaction between adsorbent and adsorbate as well as the
properties of the adsorption layer. Langmuir, Freundlich, and
Sips (modified Langmuir/Freundlich) adsorption isotherm models
were used and described in the following equations (Ayawei et al.,
2017; Maamoun et al., 2021; Eljamal et al., 2022b).

Langmuir isotherm model:

qe � qmax L( )KLCe

1 +KLCe
(12)

Separation factor:

RL � 1
1 + KLC0

(13)

Freundlich isotherm model:

qe � KFCe
1/n (14)

Sips isotherm model:

qe � qmax s( )KsCe
ns

1 +KsCe
ns

(15)

Where qmax(L) (mg/g) stands for Langmuir maximum
adsorption capacity; The Langmuir constant associated with
adsorption energy is KL (L/mg); The separating factor is RL: RL =
1, linear; RL = 0, irreversible; RL > 1, unfavorable; 0 < RL < 1,
favorable. KF is the Freundlich constant [(mg/g) (L/mg)1/n], while 1/
n is the adsorption affinity constant.

The coefficient of determination (R2) was used to determine the
best-fitting models. Moreover, the well-known Akaike Information
Criterion (AIC) model was considered for investigating the
goodness of fit for all the applied models (Kumar et al., 2011;
Eljamal et al., 2022a; Maamoun et al., 2022a):

AIC � 2K +N ln
SSE

N
[ ] + 2K K + 1( )

N − K − 1
(16)

Where K is the number of the independently adjusted
parameters in the applied model, N is the number of

FIGURE 4
Re(VII) removal by pre- and post-nucleation synthesized Ni/Fe0

considering different Ni/Fe0 (wt/wt) ratios (reaction conditions:
120 min contact time, 5.0 ± 0.2 initial pH, 25 ± 1.0°C temperature,
15.0 ± 0.62 μM initial Re(VII) concentration, and 1.0 g/L dosage).
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experimental measurements, and SSE is the sum of squared errors
between the experimental (qexp) and calculated (qcalc) uptake
capacities, which can be estimated by the following formula.

SSE � ∑N

i
q exp − qcalc( )2

i
(17)

The lower the AIC value, the better the fitting of the model to the
experimental data. So, the model with the lowest AIC value shall be
chosen to describe the data. Non-linear modeling was considered for
the kinetic and isotherm modeling as it showed higher accuracy and
to avoid the errors resulting from non-linear/linear transformation
in terms of error structure, error variance, and normality
assumptions of the standard least squares (Taguba et al., 2021;
Falyouna et al., 2022).

3 Results and discussion

3.1 Characterization

XRD analysis was conducted for fresh and spent (after reaction
with Re(VII)) Fe0 and Ni/Fe0, as shown in Figure 1. The
determination of XRD peaks and structure phases in the

obtained patterns were conducted based on the X-ray diffraction
opensource database of American Mineralogist Crystal Structure
(AMCSD), and the previously reported XRD diffraction data of
International Centre for Diffraction (JCPDS). Fresh Fe0 exhibited
the typical major peaks at 2θ of 44.8o (110) and 82.4o (211), in
agreement with previously reported studies (AMCSD 0000670, and
JCPDS No. 006–0,696) (Wu et al., 2017; Maamoun et al., 2022b,
2023b). After the reaction with Re(VII), Fe0 major peak was slightly
shifted (2θ of around 0.26o) to yield the structure phase of Fe (111) at
2θ of 45.06o (AMCSD 0019422), similar to what was previously
observed at different reaction time (Zhang and Wang, 2019).
Oxidation of Fe0 after reaction with Re(VII) was confirmed by
the presence of magnetite (Fe3O4) peaks at 2θ of 30.6o (220),
35.8o (311), 56.9o (333), 62.6o (440), and hematite (Fe2O3) at
33.2o (104), 54.1o (116), following JCPDS No. 01–088–0,315 and
AMCSD 0002400 (magnetite) and JCPDS No. 01–073–2,234 and
AMCSD 0000143 (hematite) (Shagholani et al., 2015; Yan et al.,
2019). It is worth mentioning that some iron oxides peaks in the
spent Fe0 implied the presence of ReO2 peaks. The XRD pattern of
the freshly synthesized Ni/Fe0 exhibited similar Fe0-major peaks to
the fresh Fe0 material, in addition to the several peaks associated
with NiO (220) (AMCSD 0011371), NiFe2O4 (311), (422) (511)
(AMCSD 0015511), and Fe-Ni (112) (AMCSD 0000787) (Jing et al.,

FIGURE 5
Re(VII) removal by Ni/Fe0: 0.4 (post-nucleation), considering the effect of: dosage (A), initial pH (B), reaction temperature (C), and initial Re(VII)
concentration (D) (120 min contact time).
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2016; Kerli and Soğuksu, 2019). The expected reduction of Ni2+ to
Ni0 was confirmed by the presence one peak associated with Ni
(111), indicating the possibility of the partial reduction of Ni2+ to Ni0

by Fe0, which can be attributed to the post-nucleation method
(agitating time could not be enough to transform all Ni2+ species
to the zero-valent form). While in the case of the spent Ni/Fe0,
almost the same pattern was observed, except for the presence of
some new iron oxides peaks (Fe3O4(511) (440)) (Jing et al., 2016;
Kerli and Soğuksu, 2019). The presence of ReO2 peaks in Ni/Fe0

spent pattern (110) (111) (AMCDS 0011771), and Fe-O-Re
complexes (110) (201), (403) (AMCDS 0016387), confirmed the
successful reduction of Re(VII) to Re(IV) and the possible formation
of Fe-Re co-precipitates (Li et al., 2016; Fu et al., 2020; Tang et al.,
2020). Nevertheless, there was no clear attribution for the change of
Re(IV) peaks position within the two spent materials.

Unlike the post-nucleation synthesis approach, pre-nucleation
synthesis of Ni/Fe0 nanoparticles resulted in an almost full reduction
of Ni2+ to Ni0, represented by Ni peaks (111, and 220) and Fe-Ni
(bcc) (002) (300), and (112), in addition to the typical Fe0 peaks
(Sahoo et al., 2005; Chandra et al., 2014; Yung et al., 2014; Jing et al.,
2016) (Supplementary Figure S1). Such observations depicted the
difference between the pre- and post-nucleation synthesis
approaches, in terms of the Ni state within the Ni/Fe0 material.

STEM imaging was conducted for Fe0 and Ni/Fe0: 0.4 (post), as
displayed in Figure 2. Both Fe0 and Ni/Fe0 had the typical chain-like
aggregated form, with particle size ranges of 8—156 and
12—124 nm, respectively (obtained by image analysis using
ImageJ software). A well-defined spherical shape was observed in
the case of fresh Fe0, while Ni/Fe0 showed a less uniform shape,
confirmed by STEM images of the low magnifying scale
(Supplementary Figure S2A). Such observations could be related
to the post-synthesis Ni-doping on the surface of Fe0, which may
have caused some changes to the spherical shape of the particles. The
black iron core was observed in most of Fe0 and Ni/Fe0 particles with
no sign of the bright passivation oxide clouds. EDS elemental
mapping confirmed that Ni was well-distributed within Ni/Fe0

particles, represented by Ni peaks in the EDS spectrum. Non-
related peaks of EDS (e.g., carbon (C), and copper (Cu)), were
attributed to TEM Cu-grid material and the supporting film
included. After normalizing the EDS elemental content, Fe
content was ~89.96%, and ~90.01% in Fe0 and Ni/Fe0,
respectively. Spent Ni/Fe0 showed a deformed-spherical shape
with thin clouds around the black iron core, attributed to the
passivation layer involved in Re(VII) removal (Supplementary
Figure S2B). Nevertheless, Re was not detected in the EDS
analysis of the spent Ni/Fe0 (Supplementary Figure S2), which

could be related to the relatively low initial concentration (15.0 ±
0.62 μM), unlike the higher concentration in the case of XRD.
Hence, the absence of detected Re in EDS analysis does not
necessarily reflect the efficiency of Re(VII) removal, which was
confirmed by other characterization techniques, as will be discussed.

Fe K-edge XANES spectra of Fe reference materials (i.e., Fe foil,
Fe(II) [FeO], and Fe(III) [Fe2O3]), fresh and spent Fe

0 and Ni/Fe0 are
displayed in Figure 3A. No clear difference was observed in XANES
spectra between the fresh and spent status of both Fe0 and Ni/Fe0,
indicating that Fe oxidation state was not greatly changed. Although
the preparation process of the solid samples was prepared inside a
glove box, the possibility of air oxidation cannot be totally
eliminated, knowing that the process involved several steps,
including vacuum filtration, solid-phase dilution (involving
mixing), and packing. Intensity differences were observed
between Fe0 and Ni/Fe0 materials at some energy regions (e.g.,
7,107—7,130 eV, and 7,090—7,106 eV). The change in the peak
intensity and position can be caused by two main reasons; firstly, the
direct linking between the number of atoms and the respective
oxidation state, as it is proportional to atoms on the respective
chemical state. Secondly, the change in the intensity depends on the
depth distribution of the atoms, where increased intensity reflects
atomic diffusion towards the surface, and decreased intensity when
atoms diffuse towards the bulk (Powell et al., 2001). The fitting
analysis of the obtained spectra indicated that Fe0 and Ni/Fe0

materials yielded peaks patterns close to that of Fe foil reference,
at 7,092—7,095 eV, and about 7,111.78 eV. Fe(II) broad peak was
observed in Fe0 and Ni/Fe0 materials at about 7,110.79 eV, while
Fe(III) peaks at about 7,113.66 and 7,127.25 eV were totally
suppressed (Mardare et al., 2012; Grillet et al., 2014; Liu et al.,
2019, 2021). Such results indicated that Fe oxidation state in both Fe0

and Ni/Fe0 materials involved both Fe0 and Fe(II) states, reflecting
the partial oxidation of Fe0-core and the involvement of Fe0, as an
electron donor, in the reductive immobilization of Re(VII). These
observations were in agreement with the findings from XRD
patterns implying that the majority of the magnetite peaks are
related to Fe(II).

Ni K-edge XANES analysis was conducted using Ni reference
materials (i.e., Ni metallic foil, Ni metallic powder, Ni(II) [NiO], and
Ni(II) [Ni(OH)2]), fresh and spent Ni/Fe0. As shown in Figure 3B,
fresh and spent Ni/Fe0 showed almost identical spectra with a mixed
oxidation state of Ni0 and Ni(II). Ni/Fe0 materials showed peaks
close to that of Ni foil and metallic Ni at 8,312—8,324 eV and
8,327—8,332 eV, in addition to peaks close to that of NiO and
Ni(OH)2 at 8,325—8,340 eV (Beale et al., 2009; Tirez et al., 2011).
While the peaks associated with NiO at about 8,348.25 and

TABLE 1 Thermodynamic parameters of Re(VII) removal by Ni/Fe0.

Temperature (K) △G (kJ/mol) △H (kJ/mol) △S (J/mol K) Ea* (kJ/mol)

298.15 (25°C) −37.12 25.72 124.57 33.92

308.15 (35°C) −38.36

318.15 (45°C) −39.61

328.15 (55°C) −40.85

*Activation energy.
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8,381.92 eV, and Ni(OH)2 at about 8,377.94 eV were quenched in
the case of Ni/Fe0 materials (Beale et al., 2009; Tirez et al., 2011).
Linear combination fitting was used as fitting analysis and ratio
quantification tool of XANES spectra (REX2000 software ver. 2.5.9,
Co. Ltd., Japan). The results of the fitting analysis of the formerly
discussed spectra depicted that the highest fitting spectra
corresponding to Ni/Fe0 materials were Ni foil and NiO, with Ni
to NiO ratio of Ni (60%) +NiO (40%) and Ni (66%) +NiO (34%) for
fresh and spent Ni/Fe0, respectively (Supplementary Table S1).
These findings indicated that the majority of Ni was presented in
the fresh Ni/Fe0 as a metallic form. After the reaction with Re(VII),
no significant difference was observed in the oxidation state of Ni,
indicating that low possibility of Ni0 contribution in Re(VII)
reduction.

Re LIII-edge XANES analysis has been conducted using Re
reference materials (i.e., Re(VII) [NH4ReO4], Re(IV) [ReO2], and
Re(III) [K3(ReCl6)]), spent Fe

0 and Ni/Fe0 to determine Re oxidation
state in the reacted solid materials after the reaction. As shown in
Figure 3C, XANES spectra of spent Fe0 and Ni/Fe0 exhibited peaks
shifted from that of Re(VII) reference, and close to that of Re(IV)
and Re(III) references at a photon energy of about 10,528.67 eV
(Takahashi et al., 2007; Tougerti et al., 2012; Karanjkar et al., 2016).
Furthermore, the shoulder of Re(VII) at about 10,542.02 eV was
quenched in spent Fe0 and Ni/Fe0, similar to the Re(IV) and Re(III)
references. These results suggested that Re oxidation state was totally
dissimilar to Re(VII), indicating the successful reductive
immobilization of Re(VII) to lower oxidation states by both Fe0

and Ni/Fe0. It is worth mentioning that in the case of using Ni/Fe0

with lower Re concentration, the obtained XANES spectrum was
almost identical to the Re(III) standard, indicating the full reduction
of Re(VII) to Re(III), which indicates the possible Re co-
precipitation on the surface of the spent sample as Re(III)
(Supplementary Figure S3). Such observations were supported
with the results of linear combination fitting, exhibiting Re(III)
(82%) + Re(IV) (18%) and Re(III) (100%) + Re(IV) (0%) for spent
Fe0 and Ni/Fe0, respectively (Supplementary Table S2,
Supplementary Table S3).

3.2 Re(VII) immobilization

3.2.1 Ni/Fe0 optimization
Batch experiments were conducted to evaluate the efficiency of

Fe0 and Ni/Fe0 in Re(VII) removal from aqueous solutions. The first
stage in this work was optimizing the Ni/Fe0 (wt/wt) ratio (0.05, 0.1,
0.2, and 0.4), in correspondence with pre- and post-nucleation
synthesis approaches. As shown in Figure 4, 1.0 g/L of Fe0 could
remove ~30% of initial 15 μMRe(VII) concentration within the first
5 min of the reaction, and ~94% final removal efficiency. Meanwhile,
all Ni/Fe0 materials, regardless the Ni/Fe0 ratio and the synthesis
approach, showed higher removal performance than Fe0, especially
in the early stage of the reaction (5—30 min).

It was clear that the higher the Ni content in Ni/Fe0, the faster the
kinetic rate of Re(VII) removal, where pre- and post-nucleation
synthesized Ni/Fe0: 0.4 exhibited the best removal performance with
more than 97% within just 5 min of the reaction time. Such an
improved kinetic rate can be attributed to: (1) the catalytic
added-value of Ni, which yielded Ni/Fe0 with a highly reactive

surface, (2) the possible involvement of Ni0 (reduced by Fe0,
Equation 18 (Zhang et al., 2012)) in Re(VII) reduction to lower
oxidation states, and (3) the contribution of the doped-Ni in
providing an efficient medium for better electron transfer from
Fe0-core to Re(VII) aqueous species. Nevertheless, the involvement
of Ni0 in Re(VII) reduction was not clearly confirmed, owing to the
aforementioned XANES results, as well as the fact that Fe0 is a
stronger reducing agent than Ni0 (Equations 19 and 20) (Alia et al.,
2012; Rosser et al., 2016; Penke et al., 2019). Hence, Fe0 could have
been dominant in reducing Re(VII) to Re(IV)/Re(III). Slight
superiority was observed for post-nucleation to the pre-
nucleation, associated with the mixed surface of Ni0/NiO in the
case of the post-nucleation approach, which could have enhanced
the electron transfer; as metal oxides are well-known promising
mediums for electron transfer (Azcarate et al., 2018; Möllmann et al.,
2020). While in the case of pre-nucleation approach, Ni0 was the
major component of on Fe0-surface as suggested by XRD results.
Hence, Ni/Fe0: 0.4 (post) was considered for further Re(VII) removal
experiments.

Fe0 +Ni2+ → Fe2+ +Ni0 (18)
Fe2+ + 2e− → Fe0 E0 � −0.44V( ) (19)
Ni2+ + 2e− → Ni0 E0 � −0.25V( ) (20)

3.2.2 Dosage effect
Several Ni/Fe0 dosages (0.25, 0.5, 1.0, 1.5, and 2.0 g/L) were

investigated for Re(VII) removal from water, as shown in Figure 5A.
Results indicated that even at the lowest dosage (0.25 g/L), ~87%
Re(VII) removal efficiency was achieved after 1 h reaction time. The
slight decline in removal efficiency after 2 h (~73%) could be related
to the possible occurrence of desorption at the late stage of the
reaction (detachment of physically adsorbed Re(VII) species). As
expected, Re(VII) removal efficiency increased with increasing Ni/
Fe0 dosage, to reach almost full removal efficiency at the end of the
reaction (after 2 h) for a wide range of dosage (0.5—2.0 g/L).

The results of kinetic analysis for Re(VII) removal showed that the
reaction was well-described by both pseudo-first- and second-order
models, with a clear superiority to the former in the case of dosage
investigation. These findings implied that Re(VII) removal process by
Ni/Fe0 involved both physical and chemical mechanisms. The best-
fitting model was decided based on the highest coefficient of
determination (R2) and the lowest AIC values (Supplementary Table
S4). Comparing the same dosage of 1.0 g/L introduced to the Re(VII)-
saturated solution, Ni/Fe0 yielded a much higher kinetic rate constant
than Fe0 with ~82% and ~94% increase in pseudo-first- and second-
order kinetic rate constants, respectively. Ni/Fe0 dosages ≥1.0 g/L had
the highest kinetic rates constants, indicating that 1.0 g/L Ni/Fe0 could
be more than efficient in achieving rapid and full Re(VII) removal.
Nevertheless, it was necessary to consider a lower dosage (0.5 g/L) in the
rest of the experiments to elucidate the actual effect of other reaction
parameters.

3.2.3 Initial pH effect
The effect of initial pH on Re(VII) removal by Ni/Fe0 was

studied, considering a pH range from 3.0 to 12.0. As shown in
Figure 5B, Re(VII) removal was significantly induced at acidic
conditions, unlike the alkaline. Such observations can be
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attributed to the following reasons: (1) the acidic pH conditions
induced the rapid oxidation of Fe0-core, resulting in faster release of
electrons required for Re(VII) reduction, (2) the acidic conditions
decrease the insoluble reaction products on Ni/Fe0 surface, and (3)
the role of electrostatic attraction of negatively charged Re(VII)
species to the positively charged surface of Ni/Fe0 would fade
approaching towards the alkaline conditions (pH 12.0). Zeta
potential measurements (Zeta sizer NanoSeries, Malvern
Panalytical Ltd, UK) were conducted to check the possible
involvement of electrostatic sorption in Re(VII) removal process.
Results depicted that the point of zero charge of Fe0 and Ni/Fe0 was
determined at pHPZC of 8.24 and 7.63, respectively (Supplementary
Figure S4). Such results suggested the aforementioned attributions
and the involvement of electrostatic sorption of ReO4

− (the
dominant Re(VII) species) on the positively charged surface of
Ni/Fe0 at acidic and neutral conditions (Nikolaychuk, 2022).
Contrarily, alkaline conditions were not favorable for Re(VII)
removal due to the electrostatic repulsion as well as the low-
tendency of Re(VII) reduction caused by the delayed Fe0-core
oxidation. Such Re(VII) reduction inhibition effect at alkaline
conditions was previously reported, owing to the same
attributions in the present work (Lenell and Arai, 2017).
Meanwhile, Ni/Fe0 could efficiently remove Re(VII) within a
wide pH range (3.0—9.0), indicating the high applicability of the
material in different environmental conditions. The observations of
kinetic rate constant values indicated that the kinetic rate of Re(VII)
removal increased with the decrease of the initial
pH (Supplementary Figure S4).

Fe0 + 2H2O → Fe2+ +H2 + 2OH− (21)
Re(VII) solutions were purged with Ar gas before starting the

experiments, to ensure a very low level of dissolved oxygen
(<1.0 mg/L). Hence, upon introducing Ni/Fe0 material to the
reaction, water was the predominant electron receptor, causing

iron oxidation reaction (Eq. (21)) (Wei et al., 2010; Shi et al.,
2011). Such a reaction resulted in a typical increase in solution
pH and a significant decline in redox potential (Supplementary
Figure S5). ORP values significantly decreased within Ni/Fe0

reaction with Re(VII), reflecting the strong reducing environment
provided for Re(VII) reduction. Correspondingly, the progressive
decline of ORP values was consistent with the associated progression
of the reduction process, which required time and high activation
energy as a chemical process.

3.2.4 Temperature effect
The effect of reaction temperature on Re(VII) removal by Ni/Fe0

was investigated considering a range from 25 to 55°C. As displayed
in Figure 5C, it was clear that 0.5 g/L Ni/Fe0 could efficiently remove
Re(VII), achieving almost 100% final removal efficiencies at all
investigated temperatures. Such results provided further proof of
the high applicability of the proposed material to be used under
different environmental conditions. The kinetic removal rate was
enhanced by increasing reaction temperature, which was clearly
observed at values >25°C, and confirmed by the obtained values of
kinetic rate constants (Supplementary Table S4). The
thermodynamic analysis represents the cornerstone for
understanding the effect of reaction temperature on the removal
processes of contaminants. Hence, thermodynamic parameters of
Re(VII) removal by Ni/Fe0 were estimated, as displayed in Table 1;
Supplementary Figure S6. The positive sign of enthalpy change
(ΔH > 0) demonstrated that Re(VII) reaction with Ni/Fe0 had an
endothermic nature and that the removal process was favored at
higher temperatures. Furthermore, the positive sign of entropy
change (ΔS > 0), indicated the irreversibility of the removal
process. Additionally, the negative sign of the change in Gibbs
free energy (ΔG < 0) indicated that the reaction proceeded
spontaneously in the forward direction to form more products
(favorable reaction). It has been previously reported that ΔG
value may demonstrate the type of sorption process; whether

TABLE 2 Adsorption isotherm parameters of Re(VII) removal by Ni/Fe0.

Isotherm model Parameter (unit) Value

Langmuir KL (L/mg) 8.790

qmax(L) (mg/g) 13.24

R2 0.975

AICa 9.414

Freundlich KF [(mg/g) (L/mg)1/n] 10.98

n 3.5

R2 0.997

AIC −7.225

Sips Ks (L/g) 0.102

ns 0.307

qmax(s) (mg/g) 118.6

R2 0.997

AIC −0.180

aAkaike Information Criterion.

FIGURE 6
Re(VII) removal by Ni/Fe0: 0.4 (post-nucleation) at different
concentrations of co-existing ions (reaction conditions: 120 min
contact time, 5.0 ± 0.2 initial pH, 25 ± 1.0°C temperature, 15.0 ±
0.62 μM initial Re(VII) concentration, and 0.5 g/L dosage).
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physisorption (2.0 kJ/mol < ΔG < 20 kJ/mol), physisorption/
chemisorption (20 kJ/mol < ΔG < 80 kJ/mol), or chemisorption
(80 kJ/mol < ΔG < 400 kJ/mol) (Saha and Chowdhury, 2011; Tran
et al., 2016). Hence, the temperature-correspondent values of ΔG
implied the two physisorption and chemisorption pathways in
Re(VII) removal by Ni/Fe0, indicating the possible involvement
of electrostatic sorption with reduction in the removal process.
Moreover, the magnitude of ΔH may give another indication to
the type of sorption; where physisorption (ΔH < 20 kJ/mol), or
chemisorption (80 kJ/mol < ΔH < 200 kJ/mol) (Saha and
Chowdhury, 2011). Therefore, the magnitude of ΔH (25.72 kJ/
mol) supported the involvement of physisorption. Detailed
information on thermodynamic calculations is provided in
Supplementary Figure S5. Activation energy of Re(VII) removal
process by Ni/Fe0 was calculated via Arrhenius formula (Ahmad
et al., 2014).

lnk2 � lnk0 − Ea

RT
(22)

where k2 represents the pseudo-second-order kinetic rate constant
(g/mol min), k0 is Arrhenius factor which represents the sorption
rate constant (g/mol min), and Ea is the sorption activation energy
(J/mol). Plotting ln k2 against 1/T yielded a straight line with a slope
of–Ea/R (Supplementary Figure S7). The calculated Ea for Re(VII)
removal by Ni/Fe0 was 33.92 kJ/mol (<40 kJ/mol), indicating that
the removal process involves a physisorption mechanism (Baek
et al., 2010). Detailed information on activation energy
calculations is provided in Supplementary Figure S6.

3.2.5 Initial Re(VII) concentration effect
The initial concentration effect on Re(VII) removal by Ni/Fe0 was

studied considering different values (0.25, 0.5, 1.0, 5.0, 15.0, 25.0, and
50.0 μM). The results clearly indicated the potential of Ni/Fe0 to
satisfactorily remove Re(VII), even at very high initial
concentrations, where it exhibited final removal efficiency of ~75%
and ~90% of 50.0 and 25.0 μM initial Re(VII) concentrations,
respectively (Figure 5D). While at lower initial concentrations,

much better removal performance was observed with a nearly full
removal efficiency for 0.25, 0.5, 1.0, 5.0, and 15.0 μM. The decrease in
reaction rate constant with increasing Re(VII) initial concentration
were expected (Table 1, Supplementary Material), due to the possible
accumulation of Re(IV)-precipitates on Fe0 surface resulting in a
surface blocking effect, which was in agreement with previously
reported work (Ding et al., 2013). Adsorption isotherm models
were used to further investigate the type of sorption processes
involved in Re(VII) removal by Ni/Fe0. As exhibited in Table 2;
Supplementary Figure S8, both Freundlich and Sips isotherm
models had similar R2 value of 0.997, higher than that of the
Langmuir model (0.975). However, slight superiority was observed
for the Freundlich model, exhibiting the lowest AIC value (−7.225).
Such findings indicated that the removal process involved a
physicochemical mechanism (multi- or mono-layer sorption) with a
significant contribution of electrostatic sorption. Such results agreed
with the aforementioned interpretations of kinetics and
thermodynamic analyses. Additionally, the parameter (n) of the
Freundlich model was higher than 1, indicating the strong affinity
between Re(VII) species and the heterogeneous binding sites on Ni/Fe0

surface. Meanwhile, the calculated separation factor RL values from the
Langmuir model at different temperatures and initial concentrations
were in the range from 0 to 1, verifying that removal process involved
outer sphere adsorption, attributed to the physical attraction with
relatively weak Van der Waal’s forces resulting in weakly bound
complexes (Supplementary Table S7). The involvement of physical
adsorption through outer-sphere surface complexes was supported
with the SEM-EDS elemental mapping of Fe0 and Ni/Fe0 spent
samples, which exhibited the distribution of the adsorbed Re on the
surface of the samples (Supplementary Figure S9). RL values increased
(approaching to 1) at higher temperatures, except for a drop at 45°C
related to the slight decline in Re(VII) removal in the experimental
data. Nevertheless, it would not affect the endothermic nature of the
removal process. Furthermore, Ni/Fe0 exhibited a maximum uptake
capacity (qmax(sips)) to Re(VII) of 118.6 mg/g, which was higher than
most of the previously reported iron-based sorbents (Li et al., 2016,
2019; Fu et al., 2020).

FIGURE 7
Removal pathways of Re(VII) removal by Ni/Fe0.
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3.2.6 Co-existing ions effect
The effect of competing anions on Re(VII) removal by Ni/Fe0 was

investigated, considering different concentrations (1.0, 5.0, and
10.0 mM) of NaCl, NaNO3, and Na2SO4. Distribution coefficient
(Kd = qe/Ce) of Re(VII) removal by Ni/Fe0 was estimated at
different conditions of anionic medium. As shown in Figure 6, the
Kd value for Re(VII) removal by Ni/Fe0 in ultrapure water with 15.0 ±
0.62 μM initial Re(VII) concentration and at 5.0 ± 0.2 initial pH was
~48,469 mL/g. It is worth mentioning that such a high Kd value of Ni/
Fe0 was one order of magnitude higher than other reported adsorbents,
such asmagnesium aluminum layered double hydroxide (Mg-Al LDH),
and nickel-zinc layered hydroxide salt (Ni-Zn LHS), which needed
longer equilibrium time and yielded less Kd value of Re(VII) removal in
salt free solution (Tanaka et al., 2019b, 2019a). Results indicated that Kd

values decreased with the presence of competing anions (i.e., Cl−, NO3
−

and SO4
2−). Among the competing anions, Cl− had the least influence

on Re(VII) removal, yet the effect increased with increasing anionic
concentration to reach ~968 mL/g at 10 mM Cl− concentration.

Meanwhile, the effect of NO3
− and SO4

2− on Re(VII) removal was
higher than that of Cl−, exhibiting Kd values of ~279 and ~1,408 mL/g at
10 mM NO3

− and SO4
2− concentrations, respectively. The initial and

final pH measurements of the conducted experiments implied the
increase in the final pH of the solution with the presence of co-existing
ions, compared with that ay their absence (Supplementary Figure S10).
Such pH observations can be interpreted by the involved mechanism of
these anions in the Ni/Fe0-Re reaction system. For instance, the
reduction reaction of NO3

− by Fe0 to form NH4
+ increases the OH−

in the system, causing the rise in the solution pH (Lenell and Arai,
2017). Hence, the observed increase in the final pH supported the NO3

−

reduction hypotheses, which influenced the overall Re(VII) reduction
performance by the competition over Fe0-electrons. The final nitrate
concentration in the solution was measured, and showed great
depletion at the three different initial nitrate concentrations (1.0 mM
→ 0.27 mM, 5.0 mM → 0.57 mM, and 10.0 mM → 0.61 mM);
supporting the increase in final pH due to nitrate reduction. There
is a gap in the literature on the reported studies investigating the effect of
competing ions on Re(VII) or Tc(VII) removal by Fe0-based materials.
Nevertheless, several reports suggested the high sensitivity of Re(VII)
removal by other materials to NO3

− and SO4
2− competing anions,

includingMg-Al LDH, andNi-Zn LHS, where adsorption was themain
governing mechanism (Komarneni et al., 1996; Tanaka et al., 2019a,
2019b). Also, Sheng et al. reported the high influence of SO4

2− on
Re(VII) immobilization by Fe0 and Fe0-LDH; however, the exact
concentration of the competing anions was a bit ambiguous (Sheng
et al., 2016). Such results suggested the dependency of Re(VII) removal
by Ni/Fe0 on the concentration and type of the competing anions, and
can be attributed to the reciprocal relation between the concentration of
competing anions and the reactivity of Ni/Fe0. At high concentrations of
competing anions, there was a high possibility of blocking the active
sites on Ni/Fe0 surface by the complexes formed from co-precipitation
of iron oxides with the anionic species (Sheng et al., 2016). While at low
concentrations, the iron oxyhydroxide passivation shell can be easily
dissolved without opposing precipitates (Kim et al., 2014; Sheng et al.,
2016).

3.3 Re(VII) removal pathways

Based on the aforementioned discussion on the characterization
of Re-loaded spent materials and the modeling of experimental data,
the following pathways can be suggested for Re(VII) removal by Ni/
Fe0 (summarized in Figure 7).

(1) Electrostatic attraction of negatively charged ReO4
− on the

positively charged surface of Ni/Fe0 (rapidly occurring
interaction, no activation energy required) (Türk, 2014). Such
a physisorption process was mostly guaranteed in most of the
conducted experiments owing to the dominance of ReO4

− in a
broad pH range, and the suitable pHPZC of Ni/Fe0 (7.63) that
provided the positively charged surface.

(2) Reduction of Re(VII) to Re(IV)/Re(III) by the released electrons
from Fe0-core (direct reduction), and by Fe(II) (indirect
reduction). Such a chemical process progressively occurred
owing to the high activation energy required. The reductive
immobilization was confirmed by the absence of Re(VII) species
in the spent Ni/Fe0 XANES spectrum and XRD pattern.

FIGURE 8
Effect of Fe(II)-chelating agent (Anthrarufin or 1,5-dihydroxyanth
raquinone: 2.0 mM) on Re(VII) removal by Fe0 and Ni/Fe0: 0.4 (post-
nucleation) (A), andmechanisms contribution in Re(VII) removal by Ni/
Fe0 (B) (reaction conditions: 120 min contact time, 5.0 ± 0.2
initial pH, 25 ± 1.0°C temperature, 15.0 ± 0.62 μM initial Re(VII)
concentration, and 1.0 g/L dosage).
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Nevertheless, the absence of Re(VII) species did not necessarily
depict the non-involvement of electrostatic sorption, as it could
have rapidly occurred, followed by full Re(VII) reduction,
causing the disappearance of Re(VII) in the spent materials.

3Fe0 + 2ReO4
− + 8H+ → 3Fe2+ + 2ReO2 + 4H2O (23)

3Fe2+ + ReO4
− + 4H+ → 3Fe3+ + ReO2 + 2H2O (24)

(3) The accumulation of Re(IV)/Re(III) precipitates on the surface of
the spent Ni/Fe0, suggested by the ReO2 peaks in XRD patterns and
the full reduction of Re(VII) to Re(III) from XANES fitting results
of the Ni/Fe0 samples (low Re concentration).

(4) The role of Ni in Ni/Fe0 could be mainly concluded in acting as a
promising medium for electron transfer which facilitated the
electron transfer from Fe0-core to the aqueous Re(VII) species.
Hence, it can be confirmed that the high kinetic rate of Re(VII)
removal by Ni/Fe0 in the early stage of the reaction involved
both physisorption and reduction (with superiority to the fast
physisorption), followed by a dominant reduction process
during the rest of the reaction.

In order to confirm the contribution of sorption process in Re(VII)
removal by Ni/Fe0, an additional experiment was conducted with the
presence of Fe(II)-chelating agent (Anthrarufin or 1,5-
dihydroxyanthraquinone), such organic compounds have been
previously reported as an effective corrosion inhibitor for metallic
materials (Saqalli et al., 2018; Yang et al., 2018). As displayed in
Figure 8A, Re(VII) removal by either Fe0 or Ni/Fe0 was significantly
decreased in the presence of 1,5-dihydroxyanthraquinone. The main
inhibition role of Fe(II)-chelating agent was the tight binding to Fe(II)
and preventing it from acting as a catalyst for redox reactions, which
caused such a depletion in Re(VII) removal. Hence, it can be depicted
that the inhibition effect of Fe(II)-chelating agent was mainly oriented
towards Re(VII) reductive immobilization by preventing or slowing
reaction in the aforementioned Equation 24. Nevertheless, the
contribution of sorptive immobilization was not prevented, that was
suggested by the efficient Re(VII) removal finally achieved. Such
findings provided clear evidences of: (1) reductive immobilization by
electron transferred from Fe0-core was greatly involved in Re(VII)
removal by Fe0 and Ni/Fe0; (2) the role of Fe(II) as a catalyst in Re(VII)
reduction was confirmed; (3) the contribution of reductive
immobilization in Ni/Fe0 was slightly higher than that of Fe0,
confirming the efficacy of Ni0/NiO as a facilitating medium for
electron transfer. Hence, based on these results, the time-
corresponding contribution of immobilization mechanisms to
Re(VII) removal by Ni/Fe0 was empirically estimated (Figure 8B),
via normalizing Re(VII) removal efficiency (with and without the
presence of Fe(II)-chelating agent) to a percentage with respect to
the ideal status (no anthrarufin), using the following empirical formulas.

Reductive immobilization %( )
� R% no anthrarufin( ) − R% with anthrarufin( )

R% no anthrarufin( ) × 100 25( )
Sorptive immobilization %( ) � 100 − reductive immobilization

(26)
Sorptive immobilization showed a high contribution to Re(VII)

removal within the early stage of the reaction, as a rapid physical

mechanism that did not require high energy to occur. While the
reductive immobilization progressively increased during the
reaction, as a chemical process that needed high activation
energy. Such results were consistent with the afore-discussed
implications from experimental data modeling, and in good
agreement with a previously reported work (Sheng et al., 2016).
Nevertheless, detailed analysis of the Re oxidation state within the
solution in the presence of Fe(II)-chelating agent would be critical
for future investigations, for better understanding of the chelating/
binding mechanism of anthrarufin and the evaluation of
accessibility of the surface binding sites. Hence, as the ultimate
target radionuclide, Tc(VII) can be expectedly removed by Ni/Fe0 in
rapidly and efficiently alike Re(VII) removal pathways due to the
involvement of combined immobilization processes. However, it is
critical to highlight the crucial factors which shall control Tc(VII)
removal by Ni/Fe0, in the light of the expected similarities and/or
differences compared with Re(VII) removal. In this regard, Fe(II)
content and phase shall determine the rate of Tc(VII) reduction. At
circumneutral pH, the heterogenous reduction rate and extent of the
aqueous Tc(VII) by the solid phase-Fe(II) is significantly induced
(Cui and Eriksen, 1996; Qafoku et al., 2017). Meanwhile, within the
same conditions, the homogenous Tc(VII) reduction by aqueous-
Fe(II) is unlikely to occur (Zachara et al., 2007; Qafoku et al., 2017).
Such observations may demonstrate the dissimilarities in Re(VII)
and Tc(VII) reduction by Fe(II) phases. Furthermore, the rate of
Tc(VII) reduction by Fe0 and/or Fe(II) is significantly influenced by
the pH conditions. It was previously reported that Tc(VII) reduction
by Fe(II) was very slow within neutral to slightly alkaline
pH conditions (Cui and Eriksen, 1996). Furthermore, significant
effect of the ionic strength was observed on Tc(VII) reduction rate
by iron oxides in the neutral to basic pH conditions (Vandergraaf
et al., 1997; Byegård et al., 2001). Additionally, the type of electron
transfer, involved in Tc(VII) reduction by Ni/Fe0, may influence the
expected reduction rates, in terms of the homogeneity/heterogeneity
of electron transfer from the Fe0-core through Ni0/NiO electron
transfer medium, and from Fe(II). Moreover, the interlayer/basal
surface-exchangeability of aqueous Fe(II) in the electron transfer
reaction for Tc(VII) reduction may play important role in
demonstrating the involved pathway, whether homogenous
reduction or regeneration for solid phase-Fe(II) (Lovley, 1993;
Qafoku et al., 2017). Correspondingly, it is crucial to conduct a
detailed investigation to determine the actual potential of Ni/Fe0

material in Tc(VII) reduction.

4 Conclusion

In this study, bimetallic Ni/Fe0 was used for rapid and efficient
removal of Re(VII) from aqueous solutions. The post-nucleation
synthesis approach resulted in a well-distribution of Ni and Fe
within Ni/Fe0 material, confirmed by STEM-EDS measurements.
XRD patterns of the spent Ni/Fe0 reflected the partial oxidation of
Fe0-core and the presence of ReO2 peaks, indicating the successful
reduction of Re(VII) to Re(IV). XANES results provided further
evidence of the high potential of Ni/Fe0 in the reductive
immobilization of Re(VII). Ni/Fe0: 0.4 (post-nucleation) was able to
remove ~100% of 15.0 ± 0.62 μM initial Re(VII) concentration within
wide pH and temperature ranges (3.0—9.0, and 25—55°C), at a low
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dosage of 0.5 g/L. Furthermore, Ni/Fe0 could achieve satisfactory
Re(VII) removal at high initial concentrations (i.e., 50.0 μM: ~75%,
25.0 μM: ~90% final removal efficiencies). Kinetic modeling indicated
that pseudo-first- and second-order models were the best kinetic
models to describe the reaction rate of Re(VII) removal by Ni/Fe0.
Meanwhile, thermodynamicmodeling depicted the endothermic nature
of the reaction and the involvement of both physical and chemical
processes in the removal process. Such implications were suggested by
the adsorption isotherm modeling, which reflected the possibility of
multi- and mono-layer sorption to occur within the removal process,
following Freundlich and Sips isothermmodels. Re(VII) removal byNi/
Fe0 was governed by the reductive immobilization of Re(VII) to Re(IV)/
Re(III) by the released electron from Fe0-core, and the electrostatic
sorption of ReO4

− to the positively charged surface of Ni/Fe0.
Furthermore, the presence of Ni0/NiO on the Fe0-surface resulted in
providing an efficient electron-transfer medium that facilitated the
Re(VII) reduction leading to impressive kinetic rates. Generally, the
obtained results confirmed the promising potential of the Ni/Fe0 in
Re(VII) removal from water and suggested further pilot-scale research
towards its incorporation in the real applications of water treatment
from Tc(VII), as the ultimate target radionuclide.
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