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Acid resistant functionalised magnetic nanoparticles for radionuclide and heavy metal adsorption
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ABSTRACT

Coating superparamagnetic iron oxide NPs with SiO2 has been established in order to confer stability in acidic media. Acid stability tests were carried out between pH 1 and pH 7 to determine the effectiveness of the SiO2 passivating layer to protect the magnetic Fe3O4 core. Transmission Electron Microscopy (TEM) and zeta potential measurements have shown that uncoated Fe3O4 NPs exhibit rapid agglomeration and dissolution when exposed to acidic media, moving from a zeta potential of - 26 mV to a zeta potential of + 3 mV. In contrast, a SiO2 coating the Fe3O4 NPs show a very high degree of stability for over 14 months and the zeta potential of these NPs remained at ~- 39 mV throughout the acid exposure and they showed no loss in magnetisaton. Due to the use of these NPs as a potential tool for heavy metal extraction, the stability of the surface functionalisation (in this case a phosphate complex) was also assessed. With a constant zeta potential of ~ - 29 mV for POx-SiO2@Fe3O4 NP complex, the phosphate functionality was shown to be highly stable in the acidic conditions simulating the environment of certain nuclear wastes. ATR-FTIR was conducted after acid exposure confirming that the phosphate complex on the surface of the NPs remained present. Finally, preliminary sorption experiments were carried out with Pb(II), where the NP complexes shown complete removal of the heavy metals at pH 3 and pH 5.
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[bookmark: _Hlk69393892]1 INTRODUCTION
Recent developments in nanotechnology have included the development of powerful water treatment tools that have the potential to be highly selective towards a wide range of contaminant ions present in aqueous waste streams with high loading capacity.1,2 With large volumes of waste being produced throughout many industries, many of which include contaminants that are required to be removed due to regulatory limits, a solution for cost effective and easy extraction of components from current and legacy wastes is needed.3,4 Industries such as nuclear and mining have a significant problem dealing with water treatment as many of the aqueous waste streams contain radionuclides and high toxic heavy metals, and so effective removal is critical to avoid release into the surrounding environments and entering ground water systems.5,6,7 The development of novel extraction tools is playing an important role in the management of nuclear waste.1 A potential cost effective and easily prepared candidate for this application is the use of functionalised magnetic nanoparticles (NPs), such as magnetite (Fe3O4), which superparamagnetic behaviour when in a specific size range (1-100 nm), and are very easily manipulated by an external magnetic field, an advantage of many other nanomaterials.8,9 We have previously shown that phosphate functionalised magnetite ((PO)x-Fe3O4) NPs are able to rapidly and selectively remove uranium (U(VI)) the most common radionuclide present in many nuclear waste streams. Measurements carried out at pH 7 – 11 have shown extremely high sorption capacity of 2.33 g U per g Fe (1.69 g U per g Fe3O4 NPs) even in the presence of competing ions; a significant increase compared to conventional surface-ligand systems such as ion exchange (IX).10,11,12,13 The degree of selectivity has also exceeded many similar systems reported in the literature.14
Whilst these NPs are effective in selectively removing U(IV) with a high sorption capacity, a challenge is faced when dealing with similar wastes at much lower pH ranges (pH 1 – 7)15,16, as observed in many industrial wastes, since contact with acidic media may result in the dissolution of POx-Fe3O4 NPs. To overcome this challenge a proposed strategy is to create new NP complexes to include a protective layer that is stable in acidic media. A potential candidate for this coating is silica (SiO2), as it not only has a high chemical stability but also a high thermal stability, which could be advantageous in the case of heat generating wastes.17 There are many examples of effective SiO2 coating of NPs, where the thickness can be finely tuned for the purpose of the application.18 In order to continue to exploit the magnetic properties of the Fe3O4 NP core, a thin SiO2 is needed.19 By utilising the acid stability of SiO2, the Fe3O4 NPs will potentially be able to be dispersed into acidic media to achieve selectivity and loading capacities similar to that of the example above.20,21 Surface activation with phosphate is required and the stability of the functionalisation group, and its coupling to the nanoparticles, must also be evaluated.
In this work, we demonstrate the stability of phosphate functionalised, silica coated magnetite ((PO)x-SiO2@Fe3O4) NPs as well as the phosphate functionality in acidic media. Synthesis and acid stability tests (between pH 1 and pH 7) of phosphate functionalised magnetite ((PO)x-Fe3O4) and (PO)x-SiO2@Fe3O4 NPs were conducted. The choice of parameters for the stability tests were based on high nitrate nuclear wastes and acid mining waters (AMW) where these wastes are commonly very low pH environments (< pH 3). The (PO)x-Fe3O4 NPs were found to readily dissolve at pH less than 6, where the magnitude of the zeta potential was steadily decreasing over time with decreasing pH. The zeta potential of the (PO)x-Fe3O4 NPs was initially measured at - 26 mV at pH 7 where they have previously been shown to be very stable.14 At pH 1 in contrast, the samples showed rapid dissolution and the measured transient zeta potential was + 3 mV, indicating a highly unstable colloid. The SiO2@Fe3O4 NPs were found to be stable at all pH values selected between pH 1 and 7. The initial zeta potential was- 39 mV, remaining constant throughout the study. Similarly with (PO)x-SiO2@Fe3O4 NPs, the initial zeta potential was - 29 mV which remained constant throughout. This suggested that the coating of Fe3O4 NPs with a thin layer of SiO2 was highly successful in protecting the Fe3O4 core and allowing the functionality to remain intact, creating acid resistant NPs complexes for future sorption measurements.
2 EXPERIMENTAL
2.1 Chemicals
1-Octadecene (technical grade, 90%), TritonTM X-100 (laboratory grade), iron(III) chloride hexahydrate (99.99%), (3-Aminopropyl)triethoxysilane (APTES, 99%) and Oleic acid (technical grade, 90%) were purchased from Aldrich.  Tetraethyl orthosilicate (TEOS, 98%), aqueous ammonia (28%), absolute ethanol, hexane, and cyclohexane, anhydrous sodium phosphate (99%) and anhydrous potassium phosphate (99%) are of analytical reagent grade, also purchased from Sigma Aldrich. Sodium oleate was purchased from TCI chemicals. All the chemicals were used as-received without further purification. The water used was purified through a Millipore deionised system (18.2 MΩ.cm at pH 7).
2.2 Synthesis of 12 nm Fe3O4 and SiO2@Fe3O4 core-shell nanoparticles and surface functionalisation
Size and shape controlled 12 ± 1.2 nm magnetite (Fe3O4) nanoparticles were synthesised via a thermal decomposition method prepared according to the literature.22 The thermal decomposition was conducted in two steps; firstly, an iron-oleate complex was synthesised by dissolving 10.8 g of iron chloride and 36 g of sodium oleate in a hexane, ethanol and deionised (DI )water mixture, 140 mL, 80 mL and 60 mL respectively. The mixture was brought to 70 oC and left stirring for 4 hours until completion. The formed iron-oleate was then washed several times with ethanol to remove the unwanted organic layer. Secondly, 12 g of the as-synthesised iron-oleate complex was mixed with 1.9 g of oleic acid and 66.7 mL of 1-octadecane. The mixture was then heated under N2 flow at a controlled heating rate of 3.3 oC per minute to 320 oC, where the mixture was held at temperature for 30 minutes. The final product was then allowed to cool slowly to room temperature and again was washed several times with ethanol. Once washed, the synthesised NPs were centrifuged in 15 mL Falcon tubes (5000 rpm, 18 oC) and dispersed in hexane.
SiO2 coating of the Fe3O4 NPs was conducted using a reverse microemulsion coating method adapted from a protocol reported in the literature.18 3-4 nmol of as-synthesised Fe3O4 NPs were dispersed into 1 mL cyclohexane and sonicated for 10 minutes. While sonicating, 1.77 g of Triton X-100 was dissolved in 10 mL of cyclohexane and then stirred for 15 minutes. The Fe3O4 NPs were then added dropwise to the Triton-cyclohexane mixture and left under constant stirring for a further 15 minutes. 0.2 mL of NH4OH was then added slowly and the mixture was stirred for another 15 minutes. Finally, 0.14 mL of TEOS was added to the NPs mixture, which underwent constant stirring for 24 hours. The silica-coated magnetite (SiO2@Fe3O4) NPs were washed through centrifugation several times with ethanol and DI water to remove any excess reactants. The core-shell NPs were finally dispersed in DI water.
To achieve surface functionalisation with phosphate, the Fe3O4 NPs underwent a ligand exchange reaction based on a methodology reported by Gupta et al.8,14,23, Briefly, a sodium potassium phosphate buffer was produced which acted as the phosphate source driving the ligand exchange reaction, which contained Na2HPO4 and KH2PO4. 10 mg of hydrophobic oleic acid capped Fe3O4 NPs were added dropwise to 5 mL of the buffer under constant stirring. To achieve favourable exchange, hexane was added in a 5:1 ratio with the aqueous phase.24 The mixture was then stirred for 17 hours at room temperature. Finally, the phosphate-functionalised (PO)x-Fe3O4 NPs were washed with ethanol several times and dispersed in DI water.
To achieve surface functionalisation of the SiO2@Fe3O4 NPs an adaptation of a method described in the literature was used.10 6 mg of the as-synthesised SiO2@Fe3O4 NPs were added to a HCl (0.1 M), APTES and DI water mixture and the stirred for 24 hours. The NPs were washed twice with DI water and then added to 5 mL of the phosphate buffer described above. The mixture was stirred for 4 hours and finally washed with DI water again and the resultant (PO)x-SiO2@Fe3O4 NPs redispersed in water. 
2.3 Acid stability tests at pH 1 – pH 7
Fe3O4, SiO2@Fe3O4 POx-Fe3O4 and POx-SiO2@Fe3O4 NPs were dispersed in aqueous media of varying pH (pH 1, 3, 5, 7). The pH was adjusted using 0.1M HNO3 (ACS reagent, 70%). Each of the NP-acidic solutions were left to agitate on a flatbed orbital shaker for 5, 10, 30, 60 (1 h), 120 (2 h), 240 (3 h), 360 (4 h), 1440 (24 h) and 4320 (72 h) minutes. At each time point the zeta potential of the NPs was recorded. After the tests, the NPs were then separated by ultracentrifugation at 10,000 rpm for 30 minutes using Amicon Ultra centrifugal filter units (Ultra-15, MWCO 30 kDa). The remaining supernatant was extracted and analysed using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). The NPs were also extracted for TEM imaging.
2.4 Characterisation and analysis of NPs
All analytical techniques described below were performed both before and after the acid stability testing. The morphology and size of each NP type was determined using a JEOL JEM-2100F and a JEOL JEM 2100Plus TEM, operating at 200 keV.  The phase of the NPs was determined using a PANalytical X-ray diffractometer, Cu kα source, where diffraction patterns were acquired in the 2θ range between 20o and 80o. Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano was used to determine the hydrodynamic diameter of the suspended NPs, which in turn helped identify any agglomeration or flocculation. Zeta potential measurements were also carried out with a Malvern Zetasizer Nano. A Thermo Scientific iCAP 6000 ICP Spectrometer with a CETAC ASX-520 autosampler was used to quantify ionic concentration in the supernatant, determining whether any dissolution of the NPs had taken place. Magnetometry measurements were conducted using a magnetometer with a Quantum Design Ltd MPMS3 7 Tesla Magnetometer - Magnetic Property Measurement System (MPMS) with an applied field of 100k Oe. Where comparison between bare Fe3O4, SiO2@Fe3O4 NPs before acid contact and SiO2@Fe3O4 NPs after acid contact were made, determining any change in magnetisation.
2.5 Preliminary adsorption of Lead (II)
Lead (II) nitrate was dissolved in DI water to produce a 10 ppm lead species solution. This solution was then pH adjusted to pH 3 and pH 5 using HNO3. An aliquot of each Pb(II) ion solution (10 mL) was contacted with 0.5 mg of the synthesised NP-complex, (PO)x-SiO2@Fe3O4, and agitated on an orbital shaker at 150 rpm, room temperature for 1 min, 5 min, 10 min, 30 min,60min and 90 min. After separation of the sorbed NP complexes from the solution, ICP-OES was then used to analyse the residual Pb(II) concentration, in order to quantify the adsorbed concentration.
3 RESULTS AND DISCUSSION
3.1 Characterisation of Fe3O4 and SiO2@Fe3O4 (core-shell) nanoparticles
The as-synthesised magnetite NPs obtained via thermal decomposition were highly monodisperse with a uniform particle size distribution of 12.2 ± 1.2 nm. The ability to successfully coat Fe3O4 with SiO2 to act as a protective layer, using a reverse water-in-oil microemulsion method, has been established and was found to produce a uniformly coated NPs, with a particle size distribution of 34.3 ± 2.1 nm and high monodispersity.18 The characterisation of both Fe3O4 and SiO2@Fe3O4 NPs were conducted using TEM, XRD, ATR-FTIR and DLS. Initial TEM micrographs of Fe3O4 and SiO2@Fe3O4 NPs were acquired to determine the size and morphology of each particle type. Fig. 1a shows the as-synthesised 12 nm Fe3O4 NPs demonstrating a high degree of monodispersity. The TEM image in Fig. 1(b) shows the successful coating to Fe3O4 NPs with a coherent dense layer of SiO2, producing uniform and monodisperse core-shell NPs. To confirm no agglomeration or flocculation of the NPs occurred, DLS measurements were performed at pH 7 and showed a narrow hydrodynamic size distribution (Fig. 1(c-d)).  Zeta potential measurements of the bare Fe3O4 and SiO2@Fe3O4 NPs were - 26 mV and - 39 mV respectively. These large negative values are consistent with high stability and therefore suggest both types of particles are completely stable in their appropriate solvents, hexane for oleic acid capped Fe3O4 NPs, and water for (PO)x-Fe3O4 NPs, SiO2@Fe3O4 NPs and (PO)x-SiO2@Fe3O4 NPs.
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Fig . 1 TEM micrographs of (a) 12 nm Fe3O4 NPs; (b) 34 nm SiO2@Fe3O4 (core-shell) NPs; DLS measurement of the hydrodynamic diameter of (c) Fe3O4 NPs at pH 7 and; (d) SiO2@Fe3O4 NPs at pH 7.

Fig. 2 shows the X-ray diffraction patterns of (a) 12 nm Fe3O4 and (b) 34 nm SiO2@Fe3O4 NPs, with corresponding reference patterns confirming phase formation (CCID ref: 01-075-1610).25,26 Further confirmation of the phase purity and successful synthesis of the NPs was carried out using ATR-FTIR (Fig. 2c), where the spectra for Fe3O4 NPs show the presence of dominant peaks at 585 and 620 cm-1, corresponding to the Fe-O bonds found in the spinel structure of magnetite and the characteristic -CH2 asymmetric and symmetric stretch vibrations of oleic acid chains at 2925 and 2870 cm-1.27 Similarly, for the SiO2@Fe3O4 NPs, characteristic silanol peaks were observed  at ~1634 cm-1. ATR-FTIR confirmed the successful coating of the Fe3O4 NPs with SiO2, as characteristic peaks of the oleic acid capping agent are absent in the SiO2@Fe3O4 NPs spectrum. 28,29 These peaks are replaced with the large broad peak characteristic of Si-OH at 3450 cm-1, and peaks at 1115, 1078, 896, 615 and 471 cm-1, which are attributed to the vibration modes of SiO2. The ATR-FTIR results in Fig. 2c, in combination with TEM micrographs (Fig. 1b) suggests complete coverage of SiO2 on Fe3O4. 30,31 The broadness of the signal at 3300 cm-1 is typical of H2O bending and stretching modes. Looking at Fig 2d. it can be seen that with the addition of the phosphate ligand, there is no significant change in ATR-FTIR spectra in relation the phosphate specific peaks, this is due to the typical phosphate (PO4-) peaks at 1150, 1071, 940 and 875 cm-1 being masked by the large silanol peaks at similar wavelengths.32 Characteristic peaks of the APTES chain ligand can be identified in Fig. 1d at 1409 cm-1, which is representative of the deformation mode of Si-CH2 groups. In addition, the shallow Si-O-Si scissoring absorption mode peak at 550 cm-1 provide further evidence that the APTES molecules are present on the SiO2 surface.32 It can also be observed that the deformation modes of the amine group at 1480 and 1540 cm-1 are present. Stretching modes of -CH2- are also present at 2870 and 2975 cm-1, typical of APTES chains. These signals are semi-masked by the broad Si-OH and H2O bending and stretching modes.33 Finally, both the symmetric and asymmetric stretching modes of -NH2 can be seen at 3295 and 3370 cm-1,34 suggesting successful grafting of the APTES branching ligand. To determine the presence of the grafted phosphate ligand, Energy Dispersive X-Ray Analysis (EDX) line analysis in the TEM was conducted. With the EDX analysis it was observed that at 2.01 keV there was a significant peak (which was not present for uncoated SiO2@Fe3O4 Fig. S1), characteristic of phosphorus and therefore provides evidence of phosphate presence of the surface on the NPs (Fig 2f.).35
















[image: Diagram, schematic

Description automatically generated][bookmark: _Hlk79336737]Fig. 2 XRD patterns of as-synthesised (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs (magnetite reference patterns represented by the blue line, silica reference pattern represented by the red line); FTIR spectra of (c) Fe3O4 NPs with oleic acid capping and SiO2@Fe3O4 NPs; (d) SiO2@Fe3O4 NPs and (PO)x-SiO2@Fe3O4 NPs; (e) Energy Dispersive X-ray Spectroscopy of (PO)x-SiO2@Fe3O4 NPs (note Cu presence arises from the TEM grid),the line scan insert shows electron image of the region that was analysed and the intensities of elements measured producing a line map.


3.2 Acid Stability testing of bare Fe3O4 and SiO2@Fe3O4 (core-shell) nanoparticles
The TEM micrographs in Fig. 3 show the morphology change over time of both Fe3O4 and SiO2@Fe3O4 NPs at various solution pH. The micrographs in (b) and (c) show the partial dissolution of Fe3O4 NPs at pH3 and the complete dissolution at pH 1, respectively, after being in contact with acidic media for 1440 minutes. However,  it can be seen in Fig. 3a at pH 7 that Fe3O4 NPs are sufficiently stable even after 1440 minutes contact time, consistent with literature reports that similar NPs can remain dispersed in water for up to 14 months.36 What is also clear is the effect of pH on NP agglomeration prior to dissolution; already after 30 minutes the Fe3O4 NPs are completely agglomerated at both pH 3 and pH 1. The dissolution rate of Fe from Fe3O4 increases significantly with the decrease in particle size – due in part to the increased relative surface area.37,38 In contrast, the SiO2@Fe3O4 NPs shown in micrographs (d) – (f) indicate no change in morphology under the same conditions, as predicted due to the chemical stability of SiO2 in acidic environment.39 The SiO2 coating of Fe3O4 produces a stable protective layer, preventing the magnetite core dissolution even in strongly acidic media for extended periods of time, confirming that the SiO2 layer is fully dense, and completely blocks access of acid to the Fe3O4 material. The zeta potential measurements were also carried out as a function of contact time and are shown in Fig. 4a. It can be seen that the Fe3O4 NPs undergo a rapid loss of surface charge stabilisation at pH 5, pH 3 and pH 1, with a zeta potential + 4 mV after only 60 minutes of contact time. The Fe3O4 NPs at pH 7 on the other hand are shown to be significantly more stable with an average zeta potential of ~ – 26 mV. 40 This is to be expected as the point of zero charge (pHzpc) of magnetite is around pH 6.5.41 On the other hand, zeta potential measurements of SiO2@Fe3O4 NPs below pH 7 confirmed the core-shell NPs are extremely stable in such conditions, with an average zeta potential of ~ -39 mV throughout the testing, even after 1440 minutes of contact (Fig. 4b). Fig. 4d shows the zeta potential data for the (PO)x-SiO2@Fe3O4 NPs, where it can be seen that even at pH 1 the phosphate functionalised NPs maintain a zeta potential of ~-29 mV throughout the study. However, the uncoated (PO)x-Fe3O4 NPs were shown to behave similarly to bare Fe3O4 NPs, as the zeta potential, reported in Fig. 4c, increases from – 29 mV to + 6 mV before complete dissolution. Comparing the bare Fe3O4 and POx-Fe3O4 NPs, it is clear that the presence of the phosphate coating marginally reduced the dissolution rate of the magnetite, extending the time for complete dissolution from 2 to 5 minutes. This increase in time could be due to the presence of the phosphate functionality acting as a barrier giving a temporary increase in stability to the system or a reaction between Fe and P forming an iron phosphate.42,43 The phosphate layer itself therefore whilst affecting the kinetics does not confer stability to the NPs against dissolution. This could be due to: partial coverage of the phosphate; the inability of the phosphates layer to fully restrict acid access (it is not a fully dense ‘poreless’ layer); or instability of the phosphate ligand attachment under acidic conditions. To fully characterise the kinetics of dissolution of the NPs, including whether Fe, P and Si could be detected as soluble products, ICP-OES analysis was carried out.





[image: Graphical user interface

Description automatically generated]




[image: Graphical user interface, application

Description automatically generated]Fig. 3 TEM micrographs of (a,c,f) 12 nm Fe3O4 NPs at pH 1 (0 min, 30 min and 1440 min respectively), (a,d, g) 12 nm Fe3O4 NPs at pH 3 (0 min, 30 min and 1440 min respectively); (b,e,h) 34 nm SiO2@Fe3O4 (core-shell) NPs at pH 1 (0 min, 30 min and 1440 min respectively).
Fig. 4 Zeta potential measurements at pH 7, pH 5,  pH 3 and pH 1 (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs; (c) (PO)x-Fe3O4 NPs; (d) (PO)x-SiO2@Fe3O4 NPs from pH 7, pH 5, pH 3 and pH 1.
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Description automatically generated]ICP-OES measurements were taken after contact time of 0, 5, 10, 30, 60, 120, 240, 360 and 1440 minutes at pH 7, pH 3 and pH 1 for all the described samples. Fig. 5a shows the results of the bare Fe3O4 NPs, showing minimal presence of Fe at pH 7 and as the pH is decreased to pH 5, pH 3, and pH 1 there is a significant increase in Fe concentration (14, 27 and 27 ppm respectively after a 24 hour period). The results reported in Fig. 5a confirm the fact that Fe3O4 NPs are extremely unstable at lower pH values and gives additional evidence proving that bare Fe3O4 NPs undergo rapid agglomeration and finally dissolution below pH 7. In contrast to this, the SiO2@Fe3O4 NPs, showed minimal residual Si and Fe concentrations in the final solutions, as visible from Fig. 5b, with maximum concentrations of 0.02 ppm (which would correspond to ~0.06% dissolution) found for both Si and Fe in the analysed solutions, which is at the sensitivity limits of the instrument used. Fig. 5c showing the results of the POx-Fe3O4 NPs, again shows minimal presence of Fe and P at pH 7, although as the pH is lowered, an increase of Fe and P can be seen, where concentrations of Fe and P reach:  ~ 30 and ~ 10 ppm respectively. A slight change in the dissolution rate was observed between the bare Fe3O4 and POx-Fe3O4 samples, consistent with the imaging, evidence that the phosphate functionality provides a small degree of temporary stability in acid media. However, as expected the rate of dissolution increases with decreasing pH. Finally, for the POx-SiO2@Fe3O4 NPs, negligible concentrations of Si, Fe or P was observed at any of the recorded pH values (Fig. 5d). The increased presence of P concentration between POx-SiO2@Fe3O4 and POx-Fe3O4 NPs is due to the complete dissolution of the bare NPs, hence releasing all the phosphate groups into solution. The negligible Fe, Si or P concentration in the solutions after acid stability testing of SiO2@Fe3O4 and POx-SiO2@Fe3O4 NPs, provides evidence that the SiO2 coating is highly acid resistant and can provide great protection of the Fe3O4 core over long periods of time. Moreover, the fact that the phosphate groups are not released from the SiO2 surface into solution, shows that the ligand attachment is very stable. It could be this ligand stability that causes the observed reduction in dissolution rate for the (PO)x-Fe3O4 NPs. This retention of Fe, Si and P is consistent with the TEM micrographs presented in Fig. 3(a-h). Fig. 5   ICP-OES data acquired for the supernatants collected after contact with acidic media (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs (Si concentration insert); (c) (PO)x-Fe3O4 NPs (P concentration insert); (d) (PO)x-SiO2@Fe3O4 NPs (Si and P concentration insert). ICP-OES measurements were taken at 5, 10, 30, 60, 120, 240, 360 and 1440 minutes.
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Description automatically generated]Fig. 6 Extended acid stability testing of SiO2@Fe3O4 and (PO)x-SiO2@Fe3O4 at 0 hours and 72 hours contact time (a - b) zeta potential measurements; (c-d) ICP-OES measurements for residual Fe, Si and P, before and after exposure.

Extended acid stability tests of both SiO2@Fe3O4 and POx-SiO2@Fe3O4 NPs were taken over 4320 (72 hrs) minutes. Fig 6. shows the zeta potential measurements and the ICP-OES data at pH 1 at zero minutes and after 72 hours. In Fig. 5(a-b) after 72 hours both complexes remained stable, with zeta potential measurements of -37 mV and -28 mV, respectively. It can also be seen from Fig 6(c-d) that no residual concentrations of Fe, Si or P can be detected (within the error of the instrument). To confirm this is the case and to provide evidence that the surface chemistry is robust, additional ATR-FTIR and EDX analyses were conducted (Fig. 7(a-b)).  
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Description automatically generated]Fig. 7 (a) ATR-FTIR of (PO)x-SiO2@Fe3O4 NPs at 0, 24 and 72 hours acid exposure (Phosphate species signals highlighted in green, APTES signals highlighted in blue); (b) Energy Dispersive X-ray Spectroscopy of (PO)x-SiO2@Fe3O4 NPs after 72 hours of acid exposure (phosphorous presence highlighted in red, Cu presence from TEM grid).


During and after acid exposure, it can be seen that there is no significant change to the surface chemistry of the (PO)x-SiO2@Fe3O4 NPs with no loss of signals which appear in the initial FTIR spectrum at 0 hours (Fig. 7a). The only slight change that can be observed is the flattening on the signal located at 3300 cm-1. This flattening of the broad peak reveals hidden signals that were once obscured. The signals are characteristic of the -NH2 group of the amine branching ligand APTES. Therefore, this flattening is assumed to be the loss of H2O on the surface of the NP complex, as the signal at 3300 cm-1 is representative of the H2O bending and stretching modes. All signals attributed to the APTES chain ligand were also found to be present, suggesting the preservation of the surface functionality. As many of the typical phosphate signals overlap that of the characteristic SiO2 observed in Fig. 2d, it is difficult to say for sure that the phosphate surface chemistry is also intact.44 Nevertheless, the EDX spectrum in Fig. 7b shows that phosphate is indeed present, as a peak is obtained at 2.01 keV, characteristic of phosphorous. The information, coupled with the ICP-OES data, suggests there is no change in speciation after exposure to acidic medium. This, therefore, provides evidence that the NPs complexes are stable in acid media for extended periods, and hence are still suitable for industrial use.
Finally, to determine the retention of the iron oxide cores magnetic properties, Vibrating Sample Magnetometry (VSM) was conducted (Fig. 8).  Initial magnetic characterisation measurements were conducted on the NP complexes prior to contact with the acid media. A magnetic saturation of 61.1 emu g-1 is recorded for the bare Fe3O4 NPs at 300 K. With the absence of hysteresis at 300 K, this shows that the NPs are superparamagnetic. Once the SiO2 coating of the Fe3O4 NPs is achieved, the magnetic saturation is reduced to 30.5 ± 1.1 emu g-1 at 300 K. This reduction is due to the SiO2 providing a small amount of magnetic blocking, where this is dependent of the SiO2 thickness. Therefore, a degree of control over the magnetism of these complexes can be achieved by optimising the SiO2 shell thickness, as well as the combined mass of non-magnetic material reducing the effective emu per g. After the contact with acidic media, the NP complexes were again analysed to investigate any change in magnetisation. Due to the complete dissolution of the Fe3O4 NPs, we were unable to collect any material for this analysis. However, magnetic characterisation was conducted on the SiO2@Fe3O4 NP, where it showed a magnetic saturation of 29.7 ± 1.5 emu g-1 at 300 K, confirming that no change in magnetisation occurs. Therefore, along with the retention of the surface chemistry, these results reinforce the argument that SiO2 coating of Fe3O4 NPs is a robust solution to producing acid resistance magnetic NP complexes for industrial use. 
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Fig. 8 Vibrating Sample Magnetometry (VSM), where magnetometry was used at 300 K Fe3O4 NPs before acid contact; SiO2@Fe3O4 NPs before acid contact; SiO2@Fe3O4 NPs after 72 hours acid contact.


3.3 Adsorption of Pb(II) ions
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Description automatically generated]In addition to showing the physical and chemical stability of the NP-complex, experiments were also carried out to determine the sorption capability of these materials under acidic conditions. These experiments were conducted by immersing the (PO)x-SiO2@Fe3O4 NPs in solutions containing Pb(II) ions at pH 3 and pH 5, and measuring the residual Pb(II) in solution after fixed time points in order to construct a sorption isotherm (Fig. 9). In both cases, equilibrium was reached after 30 minutes of contact time, with rapid extraction of Pb(II) being observed at only 5 minutes of contact time. The ICP-OES data in Fig. 9 shows the complete removal of this level of Pb(II) at both pH 3 and pH 5. This confirmed that the surface chemistry is retained and also shows that the phosphate functionality maintains the ability to remove the heavy metal ions present. Fig. 9 ICP-OES data acquired for the Pb(II) removal from aqueous solutions at pH 3 and pH 5 using (PO)x-SiO2@Fe3O4 NPs.

4 CONCLUSION
In this paper we have reported that the development of core-shell SiO2@Fe3O4 and POx-SiO2@Fe3O4 nanoparticles to be used for uptake of radionuclides and heavy metals in acidic media. The work has successfully provided evidence that increasing the acid stability of bare Fe3O4 NPs is feasible with a SiO2 coating. The NPs produced in the work have shown an extremely high degree of stability when in contact with acidic media (HNO3) over a period of 24 hours at pH 5, pH 3 and pH 1, which was confirmed by zeta potential, DLS, TEM and ICP-OES analyses. The SiO2@Fe3O4 NPs were observed to have a constant zeta potential of ~ -39 mV throughout the study, proving the presence of their high degree of stability. The acid stability of the phosphate functionality was also tested and, showing a zeta potential of ~- 29 mV throughout the study, it was evident that the functionality also had a high degree of stability when attached to the silica coating. Evidence through ATR-FTIR and EDX have shown that, after acid exposure the surface chemistry of the (PO)x-SiO2@Fe3O4 NPs remains intact. Extended acid stability tests (72 hours), showed that the NP complex can remain stable for long periods of time. Magnetometry confirmed no loss in magnetisation of the SiO2@Fe3O4 NPs after acid contact, retaining a magnetism saturation of 29.7 emu g-1. Finally, the complete removal of Pb(II)ions from solutions was observed, providing evidence that the phosphate surface chemistry was retained and that it still had the ability to removal heavy metal ions. Overall, the development of the NP complexes described here show their possible application to radionuclide or heavy metal extraction in extreme conditions, allowing their use in many industrial scenarios due to their remarkable stability for extended periods of time.
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Figure Captions:
Fig 1: TEM micrographs of (a) 12 nm Fe3O4 NPs; (b) 34 nm SiO2@Fe3O4 (core-shell) NPs; DLS measurement of the hydrodynamic diameter of (c) Fe3O4 NPs at pH 7 and; (d) SiO2@Fe3O4 NPs at pH 7.
Fig 2:  XRD patterns of as-synthesised (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs (magnetite reference patterns represented by the blue line, silica reference pattern represented by the red line); FTIR spectra of (c) Fe3O4 NPs with oleic acid capping and SiO2@Fe3O4 NPs; (d) SiO2@Fe3O4 NPs and (PO)x-SiO2@Fe3O4 NPs; (e) Energy Dispersive X-ray Spectroscopy of (PO)x-SiO2@Fe3O4 NPs (note Cu presence arises from the TEM grid),the line scan insert shows electron image of the region that was analysed and the intensities of elements measured producing a line map.
Fig 3: TEM micrographs of (a,c,f) 12 nm Fe3O4 NPs at pH 1 (0 min, 30 min and 1440 min respectively), (a,d, g) 12 nm Fe3O4 NPs at pH 3 (0 min, 30 min and 1440 min respectively); (b,e,h) 34 nm SiO2@Fe3O4 (core-shell) NPs at pH 1 (0 min, 30 min and 1440 min respectively).
Fig 4: Zeta potential measurements at pH 7, pH 5,  pH 3 and pH 1 (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs; (c) (PO)x-Fe3O4 NPs; (d) (PO)x-SiO2@Fe3O4 NPs from pH 7, pH 5, pH 3 and pH 1.
Fig 5: ICP-OES data acquired for the supernatants collected after contact with acidic media (a) Fe3O4 NPs; (b) SiO2@Fe3O4 NPs (Si concentration insert); (c) (PO)x-Fe3O4 NPs (P concentration insert); (d) (PO)x-SiO2@Fe3O4 NPs (Si and P concentration insert). ICP-OES measurements were taken at 5, 10, 30, 60, 120, 240, 360 and 1440 minutes.
Fig 6: Extended acid stability testing of SiO2@Fe3O4 and (PO)x-SiO2@Fe3O4 at 0 hours and 72 hours contact time (a - b) zeta potential measurements; (c-d) ICP-OES measurements for residual Fe, Si and P, before and after exposure.
Fig 7: (a) ATR-FTIR of (PO)x-SiO2@Fe3O4 NPs at 0, 24 and 72 hours acid exposure (Phosphate species signals highlighted in green, APTES signals highlighted in blue); (b) Energy Dispersive X-ray Spectroscopy of (PO)x-SiO2@Fe3O4 NPs after 72 hours of acid exposure (phosphorous presence highlighted in red, Cu presence from TEM grid).
Fig 8: Vibrating Sample Magnetometry (VSM) at 300 K Fe3O4 NPs before acid contact; SiO2@Fe3O4 NPs before acid contact; SiO2@Fe3O4 NPs after 72 hours acid contact.
Fig 9: ICP-OES data acquired for the Pb(II) removal from aqueous solutions at pH 3 and pH 5 using POx-SiO2@Fe3O4 NPs.
Fig S1: Energy Dispersive X-ray Spectroscopy of SiO2@Fe3O4 NPs before phosphate functionalization, showing No presence of free phosphorus in solution (Cu presence from TEM grid) ), where the line scan insert shows electron image of the region that was analysed and the intensities of elements measured producing a line map.
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