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In this paper the removal of a wide range of heavy metal ions from different chemical environments has

been explored with the use of phosphate-functionalised superparamagnetic iron oxide nanoparticles

(SPIONs), specifically magnetite (Fe3O4). These novel complexes have shown a high level of selectivity

and increased loading capacity with the ions selected for the study: Na(I), K(I), Cs(I), Ca(II), Cu(II), Co(II),

Ni(II), Cd(II), Mg(II), Sr(II), Pb(II), Al(III), Mn(II), Eu(III) and Fe(III). The loading capacities established using these

NP-complexes have been shown to be higher than that of conventional surface-ligand systems. The

development of these phosphate functionalised complexes, (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4, has

successfully shown the feasibility of removing the selected metal ions at pH 1, pH 3 and pH 7. The

maximum adsorption capacities of the complexes were tested with single-metal adsorption experiments,

showing a degree of selectivity towards all metal ions studied. Multi-metal adsorption experiments were

conducted to determine the selectivity of the NP-complexes in the presence of a range of competing

ions. These experiments simulated real-world environments that contain the selected heavy metals,

which cause great concern for humans and the environment. These experiments allowed for the

successful determination of a selectivity series, highlighting the steps in which the various metal ions are

removed after sequential sorption experiments. The results that have been presented in this paper

highlight the potential use of these magnetic phosphate NP-complexes for selective heavy metal

removal from contaminated aqueous wastewaters in the industrial world.
1. Introduction

In recent years, the developments throughout many industrial
processes have caused a huge increase in the volume of
industrial processes conducted. Many of these processes are
inherent producers of aqueous waste streams that require
treatment for further disposal. Common examples are galva-
nisation, mining, energy production and sewage all of which
produce enormous volumes of aqueous waste each year. These
wastes quite oen contain a wide range of contaminants, from
non-harmful to very toxic.1 An example is the nuclear industry,
where aqueous waste streams that contain radionuclides such
as uranium and many toxic heavy metals are being produced.2
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Contact of such contaminated waste streams with the envi-
ronment, through ground water or rivers is to be avoided at all
costs, as this would cause harm to both human life and the
environment. Not only this, due to new regulatory limits of
many of the contaminants found in industrial aqueous waste
streams, free release is not feasible until such contaminants
have been removed. Therefore, increasing efforts to treat these
waste waters are being made which is directly resulting in the
development of many novel extraction techniques.3

The development of nanotechnologies has come a long way,
where potential solutions for the application of wastewater
treatment have become available. The ability to selectively
sequester and remove contaminants from aqueous wastes with
high loading capacities is of paramount importance to achieve
full removal of the contaminants produced in many industries.
A recent example of development would be the development of
functionalised magnetic nanoparticles, specically magnetite
(Fe3O4). The superparamagnetic behaviour of Fe3O4 magnetic
nanoparticles (MNPs) allows for very easy manipulation using
an external magnetic eld, which is an advantage that many
conventional nanomaterials do not have.4 These low cost, non-
toxic and easily prepared magnetic nanoparticles are highly
biocompatible and have already been widely applied in the
biotechnology and biomedical industries. The addition of
J. Mater. Chem. A, 2023, 11, 15855–15867 | 15855
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specic functionalities allows for the ne tuning of the selec-
tivity towards certain elements, therefore allowing full control
over the selective removal of a wide range of contaminants.
Phosphate functionalised magnetite ((PO)x-Fe3O4) has been
shown to have ultra-high loading capacities and a high degree
of selectivity towards uranium (U(VI)). Sorption measurements
of these nanoparticles have shown them to have loading
capacities of 2333 mg U per g Fe (1690 mg U per g Fe3O4 MNP),
which is reported to be signicantly higher than that in previ-
ously reported literature. Even in the presence of competing
ions, these nanoparticle complexes have an extremely high
selectivity towards U(IV) ions.5 Further developing these NP
complexes to allow selectivity towards other elements is a key
step in this technology's development, as it would allow the full
exploitation of their ability to selectively remove a wide range of
contaminant elements from aqueous waste forms. Many waste
water streams, in industries such as nuclear and mining,
contain a number of contaminants which are highly toxic and
hazardous, especially heavy metals, therefore, requiring
multiple contaminant removal processes to provide adequate
cleanup, where this is currently the case.6,7 The potential
development of a cost-effective single technology that could
deal with a wide range of contaminant ions present in such
wastes, whether in a single or multiple extractions or recycled
for repeat extraction cycles, would benet the water treatment
industry greatly. As seen from the literature, phosphate species
of many types have been used to selectively remove several
contaminant ions from aqueous environments. The removal of
contaminants such as Fe(III), Co(II), Ni(II), Pb(II), Cd(II), U(VI) and
Pu(III, IV, VI)8–12 have been studied with the use of phosphate
bearing substrates, such as nanoparticles, ion exchange resins,
thin lms and organophosphorus compounds, where phos-
phate functional groups have been shown to form stable
complexes with iron oxide, creating an ideal NP substrate for
adsorption of such contaminants.13,14 The formation of stable
uranyl–phosphate complexes has been reported previously in
the literature.15,16 This, therefore, with some further optimisa-
tion, gives a new potential use for (PO)x-Fe3O4 NP complexes
that have previously been developed. Due to the numerous
environments where these contaminants are found, it is diffi-
cult to rely on a single extraction technology. Moreover, many of
the environments that require such cleanup are considered
extreme environments, which can be highly acidic.17 Therefore,
the development of acid resistant NP-complexes is needed.
Evidence has shown that such NP-complexes, in the form of
(PO)x-SiO2@Fe3O4 NPs, have been successfully manufactured,
producing acid resistant NPs, while being able to preserve the
surface functionality.18,19

In this work, both single- and multi-metal batch sorption
experiments with the use of (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4

NPs have been conducted to be able to fully determine the
selectivity and loading capacity of other elements with these
NP–ligand complexes. Single-metal tests identied the selec-
tivity for Na(I), K(I), Cs(I), Ca(II), Cu(II), Co(II), Ni(II), Cd(II), Mg(II),
Sr(II), Pb(II), Al(III), Mn(II), Eu(III) and Fe(III). Both (PO)x-Fe3O4 and
(PO)x-SiO2@Fe3O4 NP complexes showed selectivity towards all
elements selected with rapid kinetics and with signicant
15856 | J. Mater. Chem. A, 2023, 11, 15855–15867
loading capacities. Multi-metal tests simulating real world
environments identied the selectivity of contaminant ions in
the presence of competing ions and further determined
a selectivity series of elements aer repeated extraction cycles.
All elements in these tests were selected due to their cause for
concern when they are present in natural and wastewater
streams. (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NP complexes were
successful in the removal of all selected elements, therefore,
creating a broad-spectrum adsorbent for the extraction of a wide
range of heavy metal and other contaminant ions.
2. Experimental
2.1. Chemicals

1-Octadecene (technical grade, 90%), TritonTM X-100 (labora-
tory grade), (3-aminopropyl) triethoxysilane (APTES, 99%) and
oleic acid (technical grade, 90%) were purchased from Aldrich.
Metal salts used in sorption experiments were all purchased
from Sigma Aldrich (99.9% trace metal basis). Tetraethyl
orthosilicate (TEOS, 98%), aqueous ammonia (28%), absolute
ethanol, hexane, and cyclohexane, anhydrous sodium phos-
phate (99%) and anhydrous potassium phosphate (99%) are of
analytical reagent grade. Sodium oleate was purchased from
TCI chemicals. All the chemicals were used as-received without
further purication. The water used was puried through
a Millipore system (18 UM).
2.2. Synthesis of 12 nm Fe3O4 and SiO2@Fe3O4 core–shell
nanoparticles and surface functionalisation

Highly monodisperse 12 nm magnetite (Fe3O4) nanoparticles
were synthesised via a thermal decompositionmethod prepared
according to the literature, producing a two-step reaction.20

Firstly, an iron–oleate complex was prepared at 70 °C and
allowed to cool. The iron–oleate complex was then washed
several times with ethanol to remove the unwanted organic
layer. Secondly, the as-synthesised iron–oleate complex was
mixed with oleic acid in 1-octadecene and heated at a controlled
heating rate of 3.3 °C per minute up until 320 °C under inert gas
(N2). The product was then allowed to cool slowly to room
temperature and washed several times with ethanol. The
mixture was centrifuged to collect the synthesised oleic acid
capped (OA-Fe3O4) NPs, which were nally dispersed in hexane.

A reverse microemulsion coating method was used to
manufacture SiO2@Fe3O4 NPs, which were prepared according
to the literature.21 A knownmass of the as-synthesised OA-Fe3O4

NPs was dispersed in cyclohexane and sonicated for 10minutes.
Triton X-100 was dissolved in cyclohexane and stirred, where
the OA-Fe3O4 NPs were added dropwise and le to stir for
a further 15 minutes. NH4OH was then added dropwise and
stirred for another 15 minutes. Finally, TEOS was added to the
sonicated cyclohexane dispersed OA-Fe3O4 NP mixture and
stirred for 24 hours. The SiO2@Fe3O4 NPs were washed several
times with ethanol and DI water to remove any excess reactants.
The NPs were nally dispersed in DI water.

A ligand exchange reaction was conducted with the OA-Fe3O4

NPs, as described in the literature, to gra a phosphate species
This journal is © The Royal Society of Chemistry 2023
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Table 2 Simulant compositions for contaminant species adsorption
experiments with (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs

Waste Simulant Species
Species concentration
(mg L−1)

Simulant 1 K+ 10
Na+ 10
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to the surface.22 A known mass of OA-Fe3O4 NPs was added
dropwise to a sodium potassium phosphate buffer produced
from Na2HPO4 and KH2PO4. The mixture was stirred for 17
hours at room temperature to allow for complete exchange. The
phosphate-functionalised ((PO)x-Fe3O4) NPs were then washed
with ethanol several times and dispersed in DI water. Func-
tionalisation of SiO2@Fe3O4 was also conducted by mixing the
NPs with APTES and the previously mentioned phosphate
buffer and stirring for 4 hours. The nal dispersion was then
washed and dispersed in DI water (18 UM).

2.3. Single-metal batch sorption tests

Metal salts of cationic species of interest (Table 1) were dis-
solved in deionised water, producing stock solutions. The
desired concentration of each metal ion species was 20 mg L−1.
All stock solutions with a pH higher than 7 were adjusted to pH
7 using HNO3, whereas stock solutions with pH lower than 7
were adjusted to pH 7 with NaOH. An aliquot of metal ion stock
solution (10 mL) was brought into contact with 0.25 mg of the
synthesised NP-complexes, (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4,
and agitated on an orbital shaker at 150 rpm, room temperature
for 1 min, 5 min, 10 min, 30 min, 60 min and 90 min. Upon
completion of the reaction time the samples were then analysed
using inductively coupled plasma-optical emission spectros-
copy (ICP-OES) and energy dispersive X-ray spectroscopy (EDX).
To determine the maximum loading capacity of the NP
complexes, each sorption study was repeated with a metal ion
concentration of 50 mg L−1 and a NP concentration of 0.25 mg.
For this study, the NP/metal ion solutions were le to equili-
brate on an orbital shaker for 60 min.

2.4. Effect of pH on metal ion loading

Further stock solutions of the metal ion species were produced
with the same species concentration and pH adjusted to pH 3
Table 1 Contaminant species for sorption experiments

Species Species concentration (mg L−1)

Cs(I) 20
K(I) 20
Na(I) 20
Ca(II) 20
Cd(II) 20
Co(II) 20
Cu(II) 20
Mg(II) 20
Mn(II) 20
Mo(II) 20
Ni(II) 20
Pb(II) 20
Sr(II) 20
Al(III) 20
Ce(III) 20
Cr(III) 20
Eu(III) 20
Fe(III) 20
La(III) 20

This journal is © The Royal Society of Chemistry 2023
(HNO3) and pH 11 (NaOH). Similarly to the above protocol, an
aliquot (10 mL) of the pH adjusted metal ion stock solution
(20 mg L−1) was brought into contact with 0.25 mg of (PO)x-
Fe3O4 and (PO)x-SiO2@Fe3O4 NPs and agitated on an orbital
shaker for 1 min, 5 min, 10 min, 30 min, 60 min and 90 min.
Due to the adverse effects of solution pH below pH 5 resulting in
Fe dissolution, (PO)x-Fe3O4 NPs were only used at pH 7 and pH
11.18 The same goes for (PO)x-SiO2@Fe3O4 NPs, where dissolu-
tion of SiO2 is observed at pH > 8; therefore these NPs were used
at pH 3. Aer contact the samples were then analysed using ICP-
OES to determine any change in species loading. Previous work
studying the dissolution and leaching of OA-Fe3O4, (PO)x-Fe3O4

NPs has shown that under highly acidic conditions (pH 3), these
NPs rapidly degrade. However, they have been shown to be
highly stable under strongly basic conditions (pH 11). On the
other hand, SiO2@Fe3O4 and (PO)x-SiO2@Fe3O4 NPs have
shown high stability under strongly acidic conditions,
providing evidence that not only the NP structure but also the
functionality is stable under highly acidic conditions (see
Fig. S2†).18

2.5. Multi-metal batch sorption tests

Multi-species solutions were made with constant metal ion
species concentrations, containing groups of contaminants
selected from Table 2 to simulate real-world environments.
Multi-species stock solutions were made by adding 10mg L−1 of
Cs+ 10
Ca2+ 10
Mg2+ 10
Ni2+ 10
Al3+ 10
Fe3+ 10

Simulant 2 K+ 10
Na+ 10
Ca2+ 10
Mg2+ 10
Mn2+ 10
Eu3+ 10
Al3+ 10
Fe3+ 10
Al3+ 10
Fe3+ 10

Simulant 3 Co2+ 10
Cu2+ 10
Ni2+ 10
Eu3+ 10
Fe3+ 10

Simulant 4 Cd2+ 10
Cu2+ 10
Pb2+ 10
Fe3+ 10
Cr6+ 10

J. Mater. Chem. A, 2023, 11, 15855–15867 | 15857
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the selected metal ions and adjusting the pH to 7. An aliquot (10
mL) of the multi-species solution was brought into contact with
0.25 mg of (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NP complexes
and agitated for 90 minutes at room temperature. Sequential
sorption experiments were also conducted with each selected
group to aid in determining a selectivity series of species. ICP-
OES measurements were conducted to determine the adsor-
bed concentration of the adsorbed ions and to determine the
concentration of the remaining metal ions in the solution.
2.6. Instrumentation

OA-Fe3O4 and SiO2–Fe3O4 morphology, phase, size, and shell
thickness were analysed to determine the success of the
synthesis. The size and morphology were analysed by trans-
mission electron microscopy (TEM) using both JEOL JEM-2100F
and JEOL JEM 2100Plus TEMs, operating at 200 keV. Phase
determination was carried out using a PANalytical X-ray
diffractometer, with a Cu Ka source, where diffraction
patterns were acquired in the 2q range between 20° and 80°.
EDX was used to determine the presence of the phosphate
functionality and therefore the success of the surface func-
tionalisation of the nanoparticles (NPs). All EDX analyses were
conducted using a JEOL JEM-2100F TEM. Concentrations of
metal species in aqueous solutions were determined through
ICP-OES, using a Scientic iCAP 6000 ICP Spectrometer with
a CETAC ASX-520 autosampler.
3. Results
3.1. Fe3O4 and SiO2@Fe3O4 (core–shell) magnetic
nanoparticle characterization

The manufacture of magnetite nanoparticles was performed via
thermal decomposition using an iron oleate precursor as
described above, following an adapted protocol from the liter-
ature.20 The manufacture of SiO2@Fe3O4 NP complexes was
performed via a reverse oil-in-water microemulsion, following
an adapted protocol from the literature.21 The synthesis of
highly monodisperse OA-Fe3O4 was successful, showing
uniformly shaped NPs. The NP complexes underwent TEM,
XRD, ATR-FTIR, DLS, EDX and VSM analyses, to determine the
size, morphology, phase purity, surface chemistry andmagnetic
properties of the NPs. Fe3O4 and SiO2@Fe3O4 NPs were
conrmed to have a particle size distribution and hydrody-
namic diameter of 12.1 ± 2.1 nm and 12.2 ± 2.2 nm, respec-
tively, whereas, for the SiO2@Fe3O4 NPs these were found to be
31.4 ± 2.3 nm and 34.3 ± 2.1 nm, respectively. (Fig. S1(a) and
(b)†). The crystal structure and phase purity of both complexes
were conrmed by XRD, where comparison was made with
reference patterns of magnetite, maghemite and hematite,
conrming that magnetite was the only iron oxide phase
present, as well as the presence of amorphous silica (Fig. S1(c)
and (d)† for the silica-coated samples, JCPDS card 75-1610). DLS
measurements conrmed the absence of aggregation in the OA-
Fe3O4 and SiO2@Fe3O4 samples (Fig. S1(e) and (f)†). ATR-FTIR
spectroscopy allowed for further surface investigation con-
rming the presence of the spinel structure of magnetite and
15858 | J. Mater. Chem. A, 2023, 11, 15855–15867
oleic acid coverage of OA-Fe3O4 NPs. Signals at 585 and
620 cm−1 corresponding to the Fe–O stretching vibrations and
sharp signals located at 2870 and 2925 cm−1 provided evidence
of the –CH2– stretching vibrations of the oleic acid chains
(Fig. S4(a) and (f)†).23,24 Silanol (Si–OH) bending peaks found at
896 cm−1 and 3690 cm−1 are evidence of the SiO2 presence.25

Also, Si–O–Si stretching vibration peaks can be seen at 615 and
1078 cm−1 (Fig. S4(f)†).25,26 Finally, both OA-Fe3O4 and SiO2@-
Fe3O4 NP complexes were examined using a vibrating sample
magnetometer (VSM) to determine their magnetic behaviour.
This analysis conrmed that both complexes, OA-Fe3O4 and
SiO2@Fe3O4, exhibited superparamagnetic behaviour at room
temperature and at 5 K, with saturated magnetisation values of
61.1 emu g−1 and 30.5 emu g−1, respectively (Fig. S3†).
3.2. Surface functionalisation of Fe3O4 and SiO2@Fe3O4

nanoparticles

Successful surface functionalisation of OA-Fe3O4 and SiO2@-
Fe3O4 was achieved through a ligand exchange reaction and
a two-step ligand reaction, respectively. This was shown by
characteristic peaks of the symmetric and asymmetric –CH2–

stretching vibrations of the oleic acid chains at 2870 and
2925 cm−1 of the OA-Fe3O4 NPs (green curve, Fig. S4a†), being
replaced with a large broad peak at 3300 cm−1 (red curve,
Fig. S4a†). A broad peak present between 900 and 1250 cm−1

indicates the success of the ligand exchange reaction. The broad
peak between 900 and 1250 cm−1 (Fig. S4a,† red curve) contains
the characteristic peaks that are representative of vibrational
stretching wavelengths of typical phosphate species. These
phosphate peaks are found at 940, 995 and 1078 cm−1, typical of
P–O–Fe, P–O and P]O stretching vibrations, respectively.27 The
combination of the peaks at 1039 and 1078 cm−1 has been
observed previously in the literature and suggests the presence
of bidentate phosphate complexes on the iron oxide surface.28

An interesting peak at 1150 cm−1 is the contribution of a H2PO4

species containing P]O and two –OH groups.29,30 The peaks
located at 1640 and 3300 cm−1 are characteristic of H2O
bending and stretching modes. With all peaks between 2800
and 3200 cm−1 absent, this conrms the complete replacement
of the oleic acid capping with phosphate molecules. The EDX
analysis (Fig. S4(b)†) further conrms the presence of phos-
phate with an intense peak at 2.01 keV. TEM micrographs
(Fig. S4(c), (d), (h) and (i)†) show the (PO)x-Fe3O4 and (PO)x-
SiO2@Fe3O4 NPs, with successful coating of the Fe3O4 NPs with
SiO2 observed. Additionally, zeta potential measurement
(Fig. S4(e) and (j)†) show evidence of the phosphate function-
ality. With zeta potentials of −42 mV and −30 mV, respectively,
this shows a negative surface charge, suggesting that the
phosphate coated NPs are deprotonated. The functionalisation
of SiO2@Fe3O4 NPs to (PO)x-SiO2@Fe3O4 NPs was conducted
through a two-step reaction, as the ligand exchange reaction
was not feasible; therefore an aminosilane branching ligand, (3-
aminopropyl) triethoxysilane (APTES), was used. In the FTIR
data the characteristic peaks of the phosphate species are still
present at 810, 990, and 1075 cm−1, representative of P–O–Fe,
P–O and P]O stretching vibrations, respectively (red curve,
This journal is © The Royal Society of Chemistry 2023
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Fig. S4f†).27 Again, the peak at 1160 cm−1 is evidence of the P]O
groups characteristic of the H2PO4 group.29 Similarly the peaks
at 1645 and 3300 cm−1 are representative of the H2O bending
and stretching modes. The characteristic peaks of the APTES
branching ligand are observed to be present in the FTIR spec-
trum. The peaks present at 1403 cm−1 represent the deforma-
tion mode of the Si–CH2 group. This peak along with the
shallow Si–O–Si scissoring absorption mode peak at 550 cm−1

suggests the complete functionalisation of APTES on the SiO2

surface.31 Furthermore, it can be observed that the deformation
modes of the amine group are present at 1480 and 1540 cm−1.
The stretching modes of the –CH2– contained within the APTES
chain are found at 2870 and 2975 cm−1, which are semi-masked
by the broad Si–OH and H2O bending and stretching modes.32

Finally, the symmetric and asymmetric stretching modes of –
NH2 can be seen at 3295 and 3370 cm−1.33 These data suggest
the successful graing of the APTES branching ligand and the
further graing of the phosphate species. Again, the EDX
analysis shows the presence of phosphate with an intense peak
at 2.01 keV (Fig. S4g†). (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NP
complexes remained stable in suspension for over a year, where
no sedimentation or aggregation was detected. VSM analysis
was further conducted with (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4

NP complexes to investigate any deviations in magnetic prop-
erties due to the phosphate capping. Similarly to OA-Fe3O4 and
SiO2@Fe3O4 NPs (Fig. S3†), these NPs exhibited super-
paramagnetic behaviour at room temperature and at 5 K, with
saturated magnetisation values of 63.7 emu g−1 and 29.1 emu
g−1, respectively, showing no change in magnetic saturation
(Fig. S3†).
Fig. 1 Extraction of all metal ion species above 80% (a) Eu(III), Fe(III) a
SiO2@Fe3O4 NPs; extraction below 50% (c) Mo(II) and Pb(II) with (PO)x-Fe

This journal is © The Royal Society of Chemistry 2023
3.3. Single-metal batch sorption tests

Single-metal sorption experiments were conducted to investi-
gate the potential selectivity and extraction capabilities of (PO)x-
Fe3O4 and (PO)x-SiO2@Fe3O4 NP complexes towards a wide
range of heavy metals and common contaminants in natural
and waste waters without competing ions (Table 1). Each NP
complex was separately brought into contact with aqueous
solutions of single-metal ion species and analysed over time (1–
90 min), with repeats of at least three times per adsorption
experiment. The extraction percentages of each metal ion
species tested can be found in the ESI (Table S2†). Both NP
complexes showed affinity towards all metal ion species
selected for this study. Fig. 1(a) and (b) show that the metal ion
extraction exceeds 80% for Eu(III), Fe(III) and La(III) over the 90-
minute period. All metal ions were extracted above 50% except
for Mo(II) and Pb(II) with the (PO)x-Fe3O4 NPs and Ca(II), Cd(II)
and Pb(II) with the (PO)x-SiO2@Fe3O4 NPs (Fig. 1(c) and (d)). As
expected, with an increase in time, there is an increase in
extraction efficiency.

From these data, the maximum loading capacities were
calculated (see Table S3†). A minor difference between the
loading capacity of (PO)x-Fe3O4 compared to (PO)x-SiO2@Fe3O4

NPs is always seen. However, as this difference is found to be
generally consistent, these were considered to be within the
errors in NP surface calculations whilst normalising for sorp-
tion studies. However, one example of a signicant difference
was found in the extraction percentage of Mo(II) with (PO)x-
@Fe3O4 compared to that with (PO)x-SiO2@Fe3O4, where it can
be seen that the functionalisation with (PO)x-SiO2 affects the
nd La(III) with (PO)x-Fe3O4 NPs; (b) Eu(III), Fe(III) and La(III) with (PO)x-

3O4 NPs; (d) Ca(II), Cd(II) and Pb(II) with (PO)x-SiO2@Fe3O4 NPs at pH 7.
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sorption capacity of (PO)x-SiO2@Fe3O4 by 200 mg metal ion
per g of MNP, possibly related to the formation of Fe–Mo
species. Several reports of redox reactions between complexes of
molybdenum and iron have been found in the literature, where
the reduction of Mo(III) by Fe(III) and Mo(VI) by Fe(II), as well as
the formation of Fe–Mo complexes have been observed.34–36 It
has also been reported that Fe-based and Mo-based redox
proxies, specically interactions between these species have
been reported in marine sediments.37 These interactions
between Fe in the core particles and the Mo species in solution
might explain the signicant difference in Mo loading found for
the (PO)x-Fe3O4 NPs compared to that for (PO)x-SiO2@Fe3O4

NPs, due to inaccessibility of the Fe3O4 core.
Although previous work on U(VI) adsorption with similar NP

complexes, which are known to have an extreme degree of
selectivity towards U(VI), shows a high loading capacity, these
complexes have shown a signicant degree of affinity towards
the metal ions selected, where adsorbed concentrations for
(PO)x-Fe3O4 NPs and (PO)x-SiO2@Fe3O4 NPs show adsorption
feasibility for each metal ion selected in this study.

3.4. Effect of pH on metal ion loading

Batch-wise sorption experiments were conducted on solutions
containing the single contaminant species in Table 1 aer pH
adjustments to pH 3 and pH 11. All extraction data for each
species towards (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NP showed
a signicant change in loading (Table S3†). Increasing the [H+]
concentration (pH 3) caused the extraction efficiency of (PO)x-
SiO2@Fe3O4 NPs to reduce slightly, showing a degree of
suppression of loading by less than 10%. However, the extrac-
tion percentage of Cs(II), Co(II), Pb(II) and Sr(II) dropped signif-
icantly, decreasing to 46, 46, 28 and 48%, respectively from 55,
70, 35 and 67%. Fig. 2(b) shows the total species removed from
solution to be below 50%, where the number of species below
50% removal has increased. Interestingly, increasing the [OH−]
concentration (pH 11) caused instead a signicant increase in
the removal of all metal ions by the (PO)x-Fe3O4 NPs, as shown
Fig. 2 Total removal from solution of (a) (PO)x-Fe3O4 NPs with increasi
SiO2@Fe3O4 NPs with increasing [H+] below 50% (pH 3).

15860 | J. Mater. Chem. A, 2023, 11, 15855–15867
in Fig. 1(a) where almost all species were removed over 90%,
resulting in enhanced removal compared to that at pH 7. In
general, all removal percentages increased, resulting in nearly
all contaminants being completely removed from solution, with
the exception of Na(I), Ca(II), Sr(II) and Cr(III), which showed
removal percentages of 69, 70, 70 and 86% respectively. Fig. 2b
shows the species removed above 95%, indicating an enhanced
removal of all species tested.
3.5. Multi-metal batch sorption tests

Aqueous solutions containing contaminant species (Table 1)
were brought into contact with (PO)x-Fe3O4 and (PO)x-SiO2@-
Fe3O4 in a batchwise system where the metal ion concentrations
were constant at 10 mg L−1 for each metal ion in solution at pH
7. The metal ions contained within each solution were selected
to simulate real-world contaminated aqueous waste streams
that are produced by a range of industrial processes, to assess
the selectivity of the NP complexes while in the presence of
several competing ions. Four simulant wastewater solutions
were produced to reect contaminants contained in (i) spent
nuclear fuel ponds, (ii) post uraniummining waters, (iii) reactor
coolant loop water, and (iv) heavy metal containing sewage
waste, here labelled, ‘simulant 1’, ‘simulant 2’, ‘simulant 3’ and
‘simulant 4’, respectively (Table 2). It was found that with every
multi-metal solution (simulant 1, 2, 3 and 4), Fe(III) constantly
showed the highest recovery percentage with both NP
complexes, no matter what competing ions were present with
recovery percentages exceeding 95%. Moreover, excluding some
cases of potential multisorption, the NP complexes were
observed to extract one element at a time, allowing for a selec-
tivity series to be produced (Fig. 3–6). Through sequential
sorption tests, selectivity series were obtained for each simulant
composition, with a different selectivity series for each
simulant:

Simulant 1: Fe(III) > Ni(II) > Sr(II) > Cs(I) > Al(III) > Mg(II) >

Ca(II)> K(I) > Na(I)
ng [OH−] above 95% (pH 11); and extraction percentages of (b) (PO)x-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Multi ICP-OES results obtained from the analysis of the supernatant collected after sequential multi-metal adsorption experiments with
simulant 1 at pH 7 (a–h) [dark shaded colours represent (PO)x-Fe3O4 NPs and light shaded colours represent (PO)x-SiO2@Fe3O4 NPs].
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Simulant 2: Fe(III) > Eu(III) > Al(III) > Mg(II) > Ca(II) > Mn(II) >

K(I) > Na(I)

Simulant 3: Fe(III) > Eu(III) > Cs(I) > Cu(II) > Ni(II) > Co(II) >

Ca(II)

Simulant 4: Fe(III) > Pb(II) > Cd(II) > Cu(II) > Cr(III)

It can be seen from Fig. 3–6, that co-extraction of all metal
ions present in solution is observed with every sorption cycle.
However, there is an observed suppression of loading capacity
for all metal ions except the metal ion being selectively extrac-
ted, when compared to the loading capacities of the single ion
experiments. On average, the competing ions in the initial
Fig. 4 ICP-OES results obtained from the analysis of the supernatant
simulant 2 at pH 7 (a–g) [dark shaded colours represent (PO)x-Fe3O4 NP

This journal is © The Royal Society of Chemistry 2023
sorption tests for each simulant had extraction percentages
lower than 20%, as further evidence of this suppression.
However, in some cases, multi-sorption of additional ions
exceeded 50%. It is currently difficult to pin-point the specic
mechanism(s) that these systems of metal ions follow due to the
lack of modelling and key experimental data (such as electron
energy loss spectroscopy (EELS) and X-ray absorption near edge
structure (XANES) data) – even for single ion systems. With
these speciation data it would be possible to calculate the
binding energies and edge energies which would in turn allow
us to fully explore the thermodynamics of the sorption of the
multi-metal systems.

To fully understand the limit of this observed suppression of
extraction of the metal ions in solution, the concentrations of
collected after sequential multi-metal adsorption experiments with
s and light shaded colours represent (PO)x-SiO2@Fe3O4 NPs].
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Fig. 5 ICP-OES results obtained from the analysis of the supernatant collected after sequential multi-metal adsorption experiments with
simulant 3 at pH 7 (a–f) [dark shaded colours represent (PO)x-Fe3O4 NPs and light shaded colours represent (PO)x-SiO2@Fe3O4 NPs].

Fig. 6 ICP-OES results obtained from the analysis of the supernatant
collected after sequential multi-metal adsorption experiments with
simulant 4 at pH 7 (a–d) [dark shaded colours represent (PO)x-Fe3O4

NPs and light shaded colours represent (PO)x-SiO2@Fe3O4 NPs].
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NPs added were increased until all metal ions were entirely co-
extracted in a single sorption cycle. Fig. 7–10 show the adsorbed
concentrations of each metal ion present in the simulants with
increasing NP concentrations, where it is observed that at 1 mg
of NPs, all metal ions were co-extracted in one sorption cycle
due to an increased number of phosphate binding sites.
4. Discussion

Previously, the average Fe : P ratio for similar 12 nm phosphate-
NP complexes was found to be 3.5 ± 2.1 Fe atoms per P atom,38

compared to the estimated Fe : P ratio of a simple phosphate
15862 | J. Mater. Chem. A, 2023, 11, 15855–15867
monolayer of 20 : 1.27 These data show that the NPs exhibit an
increased moiety that is 3.5 times the estimated monolayer and
therefore points towards a possible multilayer structure on the
surface. This can potentially be conrmed by the presence of
both protonated phosphates and polyphosphate species signals
in the ATR-FTIR analysis carried out to identify the presence of
phosphate species (Fig. S4(a) and (f)†). Reported signals at 950
and 1200 cm−1 suggest the presence of a monoprotonated
binuclear phosphate structure on the surface ((FeO)2(-
PO)(OH)).27 The signal present at 1600 cm−1 corresponds to
a bihydroxlyated phosphate complex at the P–O peak position.27

The signal at 1160 cm−1 is possibly due to deprotonation of the
phosphate complex (H2PO4) at the P–O band, where there is
a slight shi in the peak position.39 Finally, the signals at 1350
and 1220 cm−1 are typical of polyphosphate chains.40,41 There-
fore these ATR-FTIR ndings support the presence of a wide
range of phosphate-based species on the surface of the Fe3O4

and SiO2@Fe3O4 NPs. This increased Fe : P ratio has allowed us
to increase the loading capacities of these NP complexes due to
the higher number of M+ binding sites.

During the single-metal sorption experiments all metal ions
selected for testing were shown to have a signicant degree of
extraction with both (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NP
complexation. As all of the metal ions chosen were cationic,
these results would be expected due to the anionic nature of the
phosphate species (PO4

−) functionalising the surface of the
NPs. Another expected result was the complete extraction of
Fe(III) ions from solutions, as Fe(III) has been reported to be in
high concentrations in phosphate-rich soils, where it is found
bonded to the phosphates.42 In this work, Fe(III) extraction
consistently exceeds 95% extraction with both NP complexes
presented. This suggests that phosphates have a high affinity
towards Fe(III), similar to that of U(VI).43 As Fe(III) ions are prev-
alent throughout all of the scenarios presented here and indeed
in other contaminated wastewaters, this result is highly
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Co-extraction limit tests carried out by sequentially lowering the amount of sorbent ((PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs) with
simulant 1. (a) 1 mg; (b) 0.75 mg; (c) 0.5 mg; (d) 0.25 mg [dark shaded colours represent (PO)x-Fe3O4 NPs and light colour represents (PO)x-
SiO2@Fe3O4 NPs].
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promising. Both Eu(III) and La(III) were also highly extracted,
exceeding 80% extraction for both NP complexes. This is again
expected as phosphate affinity towards Eu(III) and La(III) has
been reported previously.44,45 Al(III), Ce(III) and Cr(III) on the
other hand showed a slightly lower extraction percentage
(∼70%, Table S1†), in agreement with previous studies.46–48 In
contrast, ions such as Ca(II), Cd(II), and Pb(II) showed a signi-
cant reduction in the extraction percentage, where Ca(II) and
Cd(II) are below 50% for (PO)x-SiO2@Fe3O4 NP studies (45.75
and 47.10%, respectively) and Pb(II) is below 50% for both (PO)x-
Fe3O4 and (PO)x-SiO2@Fe3O4 NP studies (37,74 and 34.45%,
respectively).

With pH-dependent single-metal sorption studies, it was
found that when the [H+] concentration is increased, i.e.,
decreasing the pH, the extraction percentages are reduced
slightly. This shows evidence of a degree of suppression when it
comes to metal ion sorption onto the (PO)x-SiO2@Fe3O4 NP
surface. The (PO)x-SiO2@Fe3O4 NP complex tested in this work
showed a tolerance to low pH environments, with no signicant
reduction in extraction efficiencies, where extraction percent-
ages were reduced by less than 5% on average. However, at this
pH Cs(II), Co(II), Pb(II) and Sr(II) extraction percentages were
shown to be reduced by 16, 33, 18 and 27%, respectively.
Optimal extraction environments for these metal ions are
known to be above pH 6, where studies conducted previously
show their reduced effectiveness below this pH value.9,49–51

Overall there was little effect when decreasing the pH on the
sorption and loading capacities of the NP complexes. Due to the
observed rapid dissolution of (PO)x-Fe3O4 NPs at this pH, they
This journal is © The Royal Society of Chemistry 2023
were not tested and therefore only tested in high pH environ-
ments (pH 11).52 On the other hand, due to the deterioration of
SiO2 at pH above 8, these NPs were also excluded from the
study.53 At pH 11, a signicant increase in total removal for all
metal ions in solution was observed. The (PO)x-Fe3O4 NPs
showed a total removal above 90% for all metal ions selected for
this study. The only metal ions with an extraction value below
90% were Na(I), Ca(II), Sr(II) and Cr(III), where they were removed
by 69, 70, 70 and 86%, respectively. The enhanced removal
percentages were deduced to be because of a high level of
chemical precipitation occurring in such basic environments.
The metal ions in Table 1 have been previously reported to
undergo chemical precipitation at pH values about pH 8 and
therefore this is an expected result.54,55 Overall, this study shows
that sorption was able to be achieved at pH 3 with a signicant
extraction percentage and potentially at pH 11 with a large
portion of removal being from chemical precipitation.

Fig. 3–6 show that the presence of several competing metal
ions causes a large degree of competition towards the phos-
phate binding sites. It can be seen that Fe(III) ions are consis-
tently the most extracted metal ions from all simulants tested.
This is to be expected due to the affinity of Fe towards P, as
reported previously.42 Excluding the small degree of multi-metal
sorption shown most clearly in Fig. 4 for a single sorption
experiment, there seems to be only one metal ion extracted at
any one time. This suppression of other metal ions could be due
to the fact that the fast-sorbed metal ion layer is blocking access
to the phosphate binding sites, therefore reducing the number
of metal ions extracted at once. Indeed, when reducing the
J. Mater. Chem. A, 2023, 11, 15855–15867 | 15863
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Fig. 8 Co-extraction limit tests carried out by sequentially lowering the amount of sorbent ((PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs) with
simulant 2. (a) 1 mg; (b) 0.75 mg; (c) 0.5 mg; (d) 0.25 mg [dark shaded colours represent (PO)x-Fe3O4 NPs and light colour represents (PO)x-
SiO2@Fe3O4 NPs].
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concentration of metal ions in solution multi-metal sorption
can be seen to increase, providing evidence that co-extraction of
metals can be achieved when sufficient binding sites are
Fig. 9 Co-extraction limit tests carried out by sequentially lowering th
simulant 3. (a) 1 mg; (b) 0.75 mg; (c) 0.5 mg; (d) 0.25 mg [dark shaded c
SiO2@Fe3O4 NPs].

15864 | J. Mater. Chem. A, 2023, 11, 15855–15867
available. There is an observed difference between the loading
capacity of (PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs, where
a small reduction in loading capacity can be seen for (PO)x-
e amount of sorbent ((PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs) with
olours represent (PO)x-Fe3O4 NPs and light colour represents (PO)x-

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Co-extraction limit tests carried out by sequentially lowering the amount of sorbent ((PO)x-Fe3O4 and (PO)x-SiO2@Fe3O4 NPs) with
simulant 4. (a) 1 mg; (b) 0.75 mg; (c) 0.5 mg; (d) 0.25 mg [dark shaded colours represent (PO)x-Fe3O4 NPs and light colour represents (PO)x-
SiO2@Fe3O4 NPs].
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SiO2@Fe3O4 NPs, with the reduction being on average less than
5%. This small decrease corresponds with the error in accu-
rately calculating the approximate surface area of the NP
complexes when normalising the surface area for both NP
complexes and therefore the difference was assumed to be
negligible at pH 7. From Fig. 7–10, with an increase in the NP
concentration in all solutions for each simulant it can be
observed that with a single sorption cycle it is possible to ach-
ieve co-extraction of all metal ions using 1 mg of NPs. This is
due to the signicant increase in phosphate binding sites
available for the metal ions in solution, essentially reducing the
competition for binding sites. Specicity on why these metal
ions follow the selectivity series has not been determined
mainly due to the lack of literature found simulating these
specic systems of metal ions, to our knowledge. As there are
several adsorption mechanisms that these sorption processes
can follow, such as chemical adsorption, physical adsorption
and isothermal adsorption, it is difficult to determine the
specic route the metal ions take when being sorbed in these
systems. To fully explore the thermodynamics of the remarkable
sorption seen in this work, additional experimental work (such
as EELS and/or XANES analysis of speciation and coordination)
could provide valuable insights and enable the conduct of
further modelling on these types of systems. This will be the
subject of future studies. Overall, the NP complexes have shown
great affinity towards all metal ions selected and have achieved
the sorption of single metal ions at the concentrations tested.

5. Conclusion

In conclusion, we have developed a potential broad-spectrum
adsorbent for use in a range of chemical environments,
showing high affinity and extremely high loading capacity
This journal is © The Royal Society of Chemistry 2023
towards Na(I), K(I), Cs(I), Ca(II), Cu(II), Co(II), Ni(II), Cd(II), Mg(II),
Sr(II), Pb(II), Al(III), Mn(II), Eu(III) and Fe(III). By selecting different
environments from real-world scenarios, such as nuclear fuel
cooling ponds, mining wastewaters, coolant loops and sewage
waters, the NP complexes were tested and analysed for their
sorption capacity in the presence of competing ions. Aer
sequential sorption tests with the same solutions, a selectivity
series for each simulated environment was listed, therefore
creating a portfolio of metal ions that the complexes are selec-
tive towards. Importantly, the metal ions were selected based on
their potential harm to surrounding water systems, due to their
toxicity to both the environment and humans. The pH study
allowed the determination of the feasibility of the use of these
NPs complexes for heavy metal removal in different chemical or
industrial environments. We have demonstrated high efficiency
at pH 7, pH 3 and pH 1 of the (PO)x-Fe3O4 and (PO)x-SiO2@-
Fe3O4 NP complexes, hence opening up the possibility of their
use for both alkaline and acidic scenarios.
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and Mr Benjamin Chan (ICP-OES). Electron microscopy was
carried out in the Harvey Flowers Microscopy suite, and
magnetic characterisation in the SPIN-LAB (EP/P030548/1) at
Imperial College London.
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of magnetite nanoparticles in cyclohexane solutions of oleic
acid and oleylamine, Vib. Spectrosc., 2007, 43, 243–248.

25 K. Yoshinaga, H. Yoshida, Y. Yamamoto, K. Takakura and
M. Komatsu, A convenient determination of surface
hydroxyl group on silica gel by conversion of silanol
hydrogen to dimethylsilyl group with diffuse reectance
FTIR spectroscopy, J. Colloid Interface Sci., 1992, 153, 207–
211.

26 B. McCool, L. Murphy and C. P. Tripp, A simple FTIR
technique for estimating the surface area of silica powders
and lms, J. Colloid Interface Sci., 2006, 295, 294–298.

27 T. J. Daou, S. Begin-Colin, J. M. Grenèche, F. Thomas,
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