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Environmental significance 13 

Nickel is an omnipresent trace element in the environment. Due to its high affinity for iron oxide 14 

nanoparticles, its removal from soils and water using these nanoparticles represent a promising 15 

strategy, particularly with magnetites, which is naturally present in the environment. However, the 16 

interactions between Ni and magnetite remain poorly understood, because of the difficulty to 17 

control the stoichiometry (Fe(II)-to-Fe(III) ratio) of magnetite. The behavior of Ni in the presence 18 

of magnetite nanoparticles with varying stoichiometries, in aqueous solution and inert atmosphere, 19 

are probed by adsorption experiments and X-ray Absorption Spectroscopy. This study helps 20 

predicting the interactions between Ni and magnetite under environmental conditions, which can 21 

be used for the development of efficient remediation strategies.   22 
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Abstract 23 

Nickel is generally found in trace amounts in the environment and can be beneficial to living 24 

organisms, but it is also an environmental contaminant of high concern, primarily due to 25 

anthropogenic releases. Fe oxides play an significant role in the behavior and fate of Ni in the 26 

environment, as they can interact with metal cations. However, the interactions between magnetite 27 

(Fe3O4) and Ni are not well described, and in particular the effect of magnetite stoichiometry 28 

(Fe(II)/Fe(III) = R) is not well considered. Ni adsorption experiments were performed on 29 

stoichiometric (R0.5) and oxidized (R0.1) magnetite as a function of Ni concentration and pH 30 

under anaerobic conditions. Samples were analyzed by transmission electron microscopy, X-ray 31 

absorption spectroscopy (XAS) and magnetic circular dichroism at the Ni L2,3-edges and XAS at 32 

the Ni K-edge. At high Ni concentrations, Ni precipitates as Ni(OH)2 on the magnetite surface, but 33 

also as distinct sheet-like particles. At low Ni concentrations, high energy resolution fluorescence 34 

detection (HERFD) XAS analyses at the Ni K-edge revealed Ni incorporation into R0.5 magnetite 35 

and surface adsorption of Ni onto R0.1 magnetite. The present results were compared with those 36 

previously published for Co, which revealed unexpected distinct behavior of Ni and Co. This 37 

element-specific binding mechanisms highlights the unique properties of magnetite compared to 38 

other naturally occurring iron oxides (e.g. goethite, hematite), for which Ni and Co binding 39 

mechanisms are similar. Taken together, these results will help predicting the behavior and fate of 40 

Ni under environmental conditions in the presence of magnetite, but also to synthesize magnetite 41 

nanoparticles doped by the addition of Ni with interesting magnetic properties.  42 

Keywords. Nickel, surface speciation, magnetite, maghemite, X-ray absorption spectroscopy 43 

Graphical abstract 44 
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1. Introduction 46 

Nickel is an ubiquitous trace element, widely distributed and essential for the functioning of 47 

numerous living organisms, playing a key role in vital processes such as enzyme activation in 48 

plants and microorganisms.1–5 The natural concentration of Ni in soils and surface waters is 49 

generally less than 100 mg kg-1 and 0.005 mg L-1, respectively.3,6 However, its release into the 50 

environment is accelerated by anthropogenic activities such as fossil fuel combustion, mining, 51 

vehicle emissions and household and industrial waste disposal.7,8 The Ni concentrations can reach 52 

up to 0.2 mg L-1 in polluted surface waters and 30 g kg-1 in polluted soils.9,10 Its presence at high 53 

concentrations can be toxic to living organisms, whether in areas affected by anthropogenic 54 

discharges or naturally, in regions with a high pedogeochemical background level of trace 55 

elements.3,11–13   56 

To remove metal contaminants, including Ni, from polluted water and soil, numerous strategies 57 

have been developed, such as adsorption-based procedures. The use of nanoscale structures, 58 

particularly magnetic Fe oxide nanoparticles like magnetite, has emerged as an effective tool for 59 

contaminants removal.14–16 Indeed, magnetite nanoparticles can be manipulated with a magnetic 60 

field, enabling their recovery and reuse.17,18 This ability, combined with their high surface-to-61 

volume ratio and redox reactivity, makes them highly promising for applications in environmental 62 

remediation.18,19 In addition, Fe oxides are naturally present in soils, sediments and waters in 63 

various forms (as magnetite, maghemite, hematite, etc.).20 They are naturally formed through rock 64 

weathering,20,21 but are also synthesized by certain living organisms, such as bacteria and plants.22–65 

24 These Fe oxides can significantly influence the fate of many contaminants,25 sequestering them, 66 

thereby reducing their bioavailability and mobility.20,26,27 Several studies have demonstrated that 67 

Ni surface speciation is specific to Fe oxide type,28–32 which affects the Ni transport and fate in 68 

soils, sediments and waters. 69 

However, the mechanisms controlling Ni interaction with magnetite in aqueous solutions 70 

relevant to natural systems have been poorly documented. Indeed, the majority of studies on the 71 

adsorption of Ni(II) on magnetite nanoparticles are carried out in O2 atmosphere and/or with the 72 

use of oxidizing compounds, such as NO3
- as background electrolyte,33–38 which leads to the 73 

oxidation of Fe(II) to Fe(III).39,40 In addition, a large number of studies were performed at pH < 74 

7,35–38 which favors the release of Fe(II) from the Fe3O4 structure.41 The effect of magnetite 75 
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stoichiometry (R = Fe(II)/Fe(III)) does not only affect its redox reactivity but also the adsorption 76 

and surface speciation of ions (e.g. silicate, humic acid, quinolone antibiotics) on its surface.42,43 77 

In addition, stoichiometric magnetite (R0.5) surface is a better template for the formation of 78 

polynuclear Co species than non-stoichiometric (oxidized) magnetite (R0.1), whose adsorption 79 

seems to be limited by the absence of Fe(II) on the surface.42,43 The lack of knowledge on Ni 80 

binding mechanisms onto magnetite hampers our capability to predict the environmental fate of 81 

Ni. 82 

The present study examines Ni(II) sorption onto magnetite nanoparticles with distinct 83 

stoichiometries (R0.5 and R0.1). Isotherm experiments and modeling were conducted at pH 8 84 

under inert atmosphere to preserve the initial magnetite stoichiometry and prevent Fe(II) oxidation 85 

or dissolution.40,41 Additional adsorption experiments were performed across a pH range of 3-10. 86 

The surface speciation of Ni was probed by a comparison of soft X-ray absorption spectroscopy 87 

(XAS) and magnetic circular dichroism (XMCD) at the Ni L2,3-edges,40,41 as well as hard XAS 88 

with high energy resolution fluorescence detection (HERFD) at Ni K-edge (X-ray absorption near 89 

edge structure (XANES) and Extended X-Ray Absorption Fine Structure (EXAFS)) to assess Ni 90 

valence and local structure. Comparisons previously published results for Co(II),42,43 which can be 91 

assumed as chemical analogue to Ni, provide insights into trace metals interactions with magnetite. 92 

This work enhances understanding of Ni speciation, and more broadly of metals, on magnetite 93 

nanoparticles with different stoichiometries, optimizing their application in water treatment, but 94 

also for the synthesis of Ni-doped nanoparticles for high-tech applications. Thus, a better 95 

prediction of nanomagnetite-Ni interactions provides better insight into Ni behavior in the 96 

environment, and their sorption capacity towards metals could enable their use to be optimized in 97 

several fields.  98 

  99 
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2. Materials and Methods 100 

2.1. Chemicals 101 

All chemicals used were purchased from Sigma-Aldrich and were of analytical grade or better. 102 

Sample solutions were prepared with Milli-Q ultrapure water (specific resistivity 18.2 MΩ cm). 103 

The pH of all the samples was adjusted by HCl and NaOH (no buffer was used). For TEM 104 

measurements, hexadecyltrimethylammonium bromide (CTAB) was used as a surfactant.  105 

2.2. Synthesis of magnetite nanoparticles with various stoichiometry 106 

All syntheses were performed in an anaerobic chamber (N2-glovebox, Jacomex, O2(g)<1 ppm) 107 

at room temperature, following a well-known co-precipitation method of iron salts.40,44 All the 108 

solutions were purged with N2(g) for at least 12 h outside the glovebox before use. The full 109 

stoichiometric magnetite (R = 0.5) was synthesized with the dissolution of FeCl2 and FeCl3 in HCl 110 

solution, which was then added to NaOH solution leading to the instantaneous precipitation of ∼10 111 

nm magnetite nanoparticles. Non-stoichiometric nanoparticles (R = 0.1) were prepared by adding 112 

a known volume of H2O2 30% (VH2O2) to R0.5 according to the following formula, which assumes 113 

the oxidation of two Fe(II) by one H2O2 molecule: 114 

[𝐻ଶ𝑂ଶ] =
[ி௘(ூூ)]ିோ×[ி௘(ூூூ)]

ଶ×(ோାଵ)
 (2) 115 

With R = 0.1 is the target magnetite stoichiometry, [Fe(III)] and [Fe(II)] are the initial 116 

concentration in the stoichiometric magnetite suspension (mol L-1). The synthesized solids were 117 

washed with ultrapure water (adjusted to pH ∼8.5 with NaOH to avoid the release of Fe(II)). The 118 

stoichiometry of the synthesized nanoparticles was verified by spectrophotometric determination 119 

of dissolved [Fe(II)] and total [Fe] (i.e., [Fe(III)] + [Fe(II)]) by the 1,10-phenanthroline 120 

colorimetric method.45 121 

2.3. Sorption experiments 122 

Aqueous suspension of magnetite nanoparticles (R0.1 and R0.5) were prepared in 15 mL tubes 123 

with 10 mM NaCl for a total Fe concentration of 6.5 mM (~0.5 g L-1 magnetite). Isotherm 124 

experiments were performed at pH 8 and varying total Ni concentrations ([Ni]tot) from 0.04 to 3 125 
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mM (using a 100 mM NiCl2 stock solution) for R0.1 and R0.5. After 7 days of equilibrium, a 126 

magnet was used to collect the solid fraction of all the samples. The supernatant was filtered 127 

through 0.2 µm PES filters (Sartorius Minisart) that were pre-rinsed with a portion of the same 128 

supernatant. Ni concentrations in the aqueous solution after filtration ([Ni]aq) were determined by 129 

ICP-MS (Agilent Technologies 7700X). Before Ni quantification, calibration curves were 130 

recorded and validated using certified materials references (SLRS-6, National Research Council). 131 

A rhodium solution was used as an internal standard to correct the instrumental drift and potential 132 

matrix effects. The limit of Ni quantification was determined at 15.2 ng L-1 (AFNOR 133 

Certification).46 The total amount of Ni associated with the solid phase was expressed in terms of 134 

Ni surface density onto Fe3-δO4 ([Ni]s in atoms per nm2) and calculated as follows: 135 

[𝑁𝑖]௦ = ([𝑁𝑖]௧௢௧ − [𝑁𝑖]௔௤) ×
௏

௠
×

ଵ

ௌௌ஺
× 𝑁஺ × 10ିଵ  (3) 136 

where [Ni]tot and [Ni]aq are given in mol L-1, V is the sample volume (L), m is the magnetite 137 

mass (g), SSA is the surface specific area (m² g-1) and NA is the Avogadro constant (mol-1). On the 138 

basis of repetition of some experiments, uncertainty associated with Ni adsorption was 5 %. A 139 

nickel ferrite suspension was prepared by following the magnetite synthesis method (see section 140 

II.2), replacing 10 % of the Fe(II) (FeCl2.4H2O) with Ni(II) (NiCl2.6H2O), in a N2-glovebox at 141 

room temperature. NaOH (0.1 mol L-1) was added until the pH was stable at 8.5 and the solution 142 

was kept as is. A Ni hydroxide suspension was prepared from the 100 mM NiCl2 stock solution, 143 

which was neutralized by adding NaOH 1M until precipitation. NaOH was added until the pH was 144 

stable at 10 and the solution was kept as is. 145 

2.4. Characterization by TEM 146 

Magnetite nanoparticles (R0.1 and R0.5) were characterized by transmission electron 147 

microscopy (TEM; JEOL JEM 2100 HR microscope; accelerating voltage = 200 kV), for four Ni 148 

concentrations ([Ni]tot = 0.04, 0.2, 0.8 and 3 mM). A small volume of Ni-magnetite was collected 149 

and a surfactant (CTAB, 1 mM) was added in each sample to limit particle aggregation, which was 150 

then diluted with ultrapure water, at pH 8. Each sample was sonicated for 15 min. A droplet of the 151 

diluted suspension was deposited on a Holey carbon film 300 mesh copper grid and dried inside 152 

an anaerobic chamber. Samples were transported to the microscope in hermetically sealed glass 153 

bottles, preserving them under a N2 atmosphere. The average particle diameter of the pristine 154 
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magnetite was found to be 11.5 ± 1.5 nm for R0.5 and 9.6 ± 2.6 nm for R0.1 by measuring 100 155 

particles.40,41 156 

2.5. Soft XAS and XMCD analyses 157 

The dried samples were analyzed by soft XAS and XMCD, probing the L2,3-edges (2p → 3d) 158 

of Fe and Ni. XAS and XMCD analyses are chemically selective and sensitive to valence states 159 

and help to better understand the contribution of Ni and Fe cations to the structure and magnetic 160 

behavior of nanoparticles. XAS and XMCD spectra were recorded on the DEIMOS beamline at 161 

synchrotron SOLEIL.47 Measurements were carried out on dried nanoparticles by drop-casting of 162 

colloidal suspensions on silicon plates at room temperature in an Ar-glovebox (Jacomex O2(g) < 1 163 

ppm) connected to the DEIMOS endstation. The silicon plates were fixed to a copper sample 164 

holder, which was then introduced into the superconducting magnet. All the spectra were collected 165 

in total electron yield (TEY) at 4.2 K and under UHV conditions (10-10 mbar). XAS spectra were 166 

recorded by reversing the full circular polarization of the X-rays to the right (σR) or left (σL), and 167 

by varying the external magnetic field (H = +6 or −6 T). Isotropic XAS spectra were plotted as (σ+ 168 

+ σ−)/2, while the XMCD results were plotted as (σ+ − σ−), where σ+ = [σL(H−) + σR(H+)]/2 and σ− 169 

= [σL(H+) + σR(H−)]/2. For all the Ni spectra, the background of XAS and XMCD at the Ni L2,3-170 

edges were corrected with the software OriginPro. XAS and XMCD were normalized by dividing 171 

the raw signal by the edge jump of the isotropic XAS. By measuring XMCD intensity as a function 172 

of the external magnetic field (from +6 to -6 T), XMCD magnetization curves at specific sites on 173 

the Ni L3-edge were plotted. At DEIMOS beamline, fully circularly polarized X-rays were 174 

provided by an Apple-II HU52 undulator for XAS and XMCD, while EMPHU65 with a 175 

polarization flipping rate of 10 Hz was used to record the magnetization curves. The beam size 176 

was 800 × 800 μm2 and the photon energy resolution was 100 meV.  177 

The XMCD at the Fe L3-edge presents three peaks which can be used to estimate the amount of 178 

Fe(II) and Fe(III) and then the magnetite stoichiometry of the samples. The evolution of peak 179 

intensities were monitored using the S indicator: 40,48 180 

𝑆 =
(ௌభାௌమ)

(ௌమାௌయ)
 (4) 181 
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where S1 peak is due to the contribution of Fe(II) and Fe(III) in Oh coordination, with a 182 

dominance of Fe(II). The S2 peak corresponds to Fe(III) in Td sites and the S3 peak corresponds to 183 

Fe(III) in Oh sites. The S indicator was then used to calculate the effective stoichiometry according 184 

to the method described by Jungcharoen et al. (2021).40 185 

2.6. K-edge XAS experiment 186 

Hard XAS experiments were performed in High Energy Resolution Fluorescence Detection 187 

(HERFD) mode on FAME-UHD beamline (BM16) at the ESRF. Beamline is built with a 2-crystal 188 

Si220 monochromator surrounded by two Rh-covered Si mirrors. The first crystal of the 189 

monochromator is liquid-nitrogen cooled. The second crystal is dynamically bent, in the sagittal 190 

plane, to horizontally focus the beam on the sample. The two mirrors aim at filtering the high 191 

energy photons, and so allow to remove the harmonics from the monochromatic beam. Moreover, 192 

the first mirror collimates the beam in the vertical direction while the second mirror focusses the 193 

beam on the sample. Thanks to these optical elements the monochromatic beam on the sample has 194 

an optimum energy resolution, close to the intrinsic resolution, and the beam-size is around 200 x 195 

100 µm² (Full Width Half Maximum values) still on the sample. 196 

Fluorescence detection was performed using a crystal-analyzer spectrometer in Johann-197 

Johansson geometry, equipped for this experiment with five Si620 crystals (radius of curvature: 198 

1m). The crystals were optimized to select the Ni K𝛼1 emission line (7.478 keV), i.e. with a Bragg 199 

angle around 74.88°. Photons reflected by the crystals were focused on an energy-resolved detector 200 

(Silicon Drift Detector) allowing to discriminate the diffracted photons of interest (Ni K𝛼1) from 201 

the scattered ones (here mainly the Fe K𝛼 and Fe K𝛽 lines) and so to optimize the signal-to-202 

background ratio. Energy calibration of the incident beam was ensured by measuring the XAS 203 

spectrum of a metallic Ni foil. The 1st maximum of the spectrum 1st derivative was set to 8.333 204 

keV. Energy bandwidth of the entire setup (including both the beamline and the spectrometer 205 

contributions) was estimated to 0.8 eV by measuring the elastic peak. The magnetite-Ni samples 206 

were mixed with boron nitride to prepare pastilles of 5 mm in diameter, in a glove box. During 207 

data acquisition, the samples were put in a glove bag with a continuous flow of N2 in order to limit 208 

their oxidation. Moreover, the position of the beam on the sample was changed between each 209 

acquisition to preserve the sample from radiation damages. 210 
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2.7. XANES simulation 211 

To estimate the change of the XANES spectra at the Ni K-edge of Ni bound to magnetite or 212 

precipitated as Ni(OH)2, theoretical modeling of Ni K-edge XANES spectra was conducted by the 213 

finite difference method for near-edge structure (FDMNES).49 The code allows the calculation of 214 

the occupied and unoccupied projected density of states in relation to the X-ray absorption and 215 

emission processes. Ni(OH)2 and the NiFe2O4 were selected as model compounds. Simulations 216 

were performed using an atomic cluster with 6.0 Å for Ni(OH)2 and the NiFe2O4, respectively. 217 

Calculations were performed with dipole transitions and no experimental broadening was included. 218 

2.8. Chemical speciation modeling 219 

Aqueous chemical speciation calculations were performed using the geochemical code 220 

PHREEQC (version 2)50 and the Minteq.v4 database, which accounts for the relevant 221 

complexation reaction for Ni2+ with Cl- on OH-. Ionic strength effects on equilibrium constants 222 

were calculated using the Davies equation.  223 
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3. Results and Discussion 224 

3.1. Investigations of Ni sorption to magnetite 225 

Ni sorption to R0.1 and R0.5 at pH 8 was studied as a function of Ni concentration (Fig. 1a). A 226 

log scale is used in Fig. 1b to visualize the Ni sorption behavior at trace levels. The correspondence 227 

between the total ([Ni]tot), solid ([Ni]s) and aqueous ([Ni]aq) Ni concentrations is presented in Table 228 

S1. For both stoichiometries, Ni sorption isotherm reveals two steps. First, a strong sorption 229 

behavior until a plateau is reached at relatively low concentration ([Ni]aq < 0.1 mM), which can be 230 

attributed to several processes including incorporation, monomers or polymers formation at the 231 

magnetite surface.51–55 For R0.5, the sorption is relatively strong at trace levels (Fig. 1b) and the 232 

plateau is reached at ~4 atom nm-2 (Fig. 1a,b), whereas Ni sorption is much weaker and the plateau 233 

is reached for a smaller surface loading for R0.1 (~1 atom nm-2). This points to a strong effect of 234 

magnetite stoichiometry on Ni adsorption, as previously shown for other ions.42,43,56 Previous 235 

studies dedicated to Ni adsorption on non-stoichiometric magnetite nanoparticles determined a 236 

maximal sorption capacity of 1.18 atom nm-2 at pH 8, which is a value close to that of R0.1.34 The 237 

second sorption step is characterized by an increased sorption at high Ni concentration, suggesting 238 

Ni(OH)2-like phase precipitation, as commonly observed for Ni or other metal ions onto Fe-239 

oxides.51,57–60 Results obtained for R0.1 and R0.5 at high [Ni] are very similar suggesting the 240 

formation of similar Ni-containing compounds.  241 

The Ni sorption isotherms are compared to the Co sorption data of Fablet et al. (2024), collected 242 

for R0.1 and R0.5, following the same experimental protocol (Fig. 1a,b).43 At trace levels (Fig. 243 

1b), Ni sorption to R0.5 is similar Co sorption to R0.1 and R0.5, hence suggesting similar sorption 244 

processes, i.e., surface complexation of Ni/Co as monomers or their incorporation into magnetite 245 

nanoparticles, a previously concluded for Co.42,43 The much weaker interaction of Ni than Co with 246 

R0.1 is contrary to what can be expected by considering surface complexation process only. 247 

Indeed, metal cation surface complexation to ≡Fe-OH groups generally follows the hydrolysis 248 

behavior of the cation 51,61; and Ni2+ hydrolysis constant (K = 9.86)62 is larger to that of Co2+ (K = 249 

9.61).63 Therefore, our results suggest that Ni incorporation into oxidized magnetite is less 250 

favorable than Co, which might arise from the more similar ionic radius of Co2+ and Fe2+,64 as well 251 

as the redox behavior of both Co(II,III) and Fe(II,III), by contrast with Ni(II). In the case of R0.1, 252 
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Ni sorption might mainly be driven by surface complexation rather than incorporation. These 253 

observations are confirmed on a larger pH range in Fig. 1c, which compares the adsorption of Ni 254 

with Co for the same concentration ([Co] or [Ni]tot = 0.04 mM).  255 

The sorption plateau at intermediate Co concentrations was attributed to surface Co-polymer 256 

formation.42,43 As the sorption of Ni weaker than that of Co both on R0.1 and R0.5 (Fig. 1a,b), it 257 

can be concluded that Ni-polymerization on magnetite nanoparticles is less favorable than that of 258 

Co. The sorption plateau at smaller values for R0.1 than R0.5 might suggest that surface vacancy 259 

sites, that may occur on maghemite, are not in favor of surface polymerization of divalent transition 260 

metals. These observations are confirmed on a larger pH range in Fig. 1d, for [Co]tot or [Ni]tot = 261 

0.4 mM, which shows that Co-polymer formation onto R0.1 or R0.5 remains larger than that of 262 

Ni. This is further confirmed at the largest [Ni] or [Co] investigated, where Ni precipitation process 263 

occurs at larger [Ni] than [Co] with R0.5 although Ni solubility is expected to be smaller than that 264 

of Co in water according to solubility calculations with PHREEQC. Hence, it can be concluded 265 

that magnetite surface serves as a better template for Co than for Ni precipitation. Indeed, unlike 266 

Co, which has been shown to precipitate as an homogeneous layer around the magnetite 267 

nanoparticles, it has been shown, during synthesis of core@shell particles by thermal 268 

decomposition, that NiO develops only on specific crystallographic faces of the magnetite, 269 

forming an octopod shell with extended corners.65 In addition, while Co surface precipitation was 270 

larger on R0.5 than on R0.1, the similar behavior of Ni with R0.5 and R0.1 could point out to 271 

significant Ni(OH)2-like phase precipitation in homogeneous solution. This was confirmed by 272 

TEM analysis, as shown in Fig. S1, with the corresponding energy-dispersive spectroscopy (EDS) 273 

spectra for two extreme Ni concentrations ([Ni]tot = 0.04 and 3 mM) for R0.1 and R0.5. At low Ni 274 

concentrations ([Ni]tot = 0.04 mM), magnetite nanoparticles display the same characteristics as 275 

those observed in a previous study on Co,49 with no impact from the presence of Ni, for both 276 

stoichiometries. In contrast, for the highest concentration ([Ni]tot = 3 mM), numerous crystallized 277 

Ni sheets can be observed for both stoichiometries. Natile and Glisenti (2003) had also observed 278 

that NiO precipitates developed as isolated particles rather than precipitating on Co3O4 particle,66 279 

while Tougerti et al. (2012) showed that Al oxide is a good template for precipitation of other Ni 280 

phase.67 Taken together, these results show that surface precipitation mechanism is ion- and phase-281 

dependent. 282 
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 283 

Fig. 1 Comparison of Co ([Co]) and Ni ([Ni]) adsorption on R0.1 and R0.5, at pH 8 in 10 mM NaCl using (a) linear and (b) 284 

logarithmic scale. Effect of pH on the percentage of  Co or Ni adsorbed on R0.1 and R0.5, for (c) [Co]tot or [Ni]tot = 0.04 mM and 285 

(d) [Co]tot or [Ni]tot = 0.4 mM. The black squares correspond to Ni on R0.5, the blue circles to Ni on R0.1, the green empty squares 286 

to Co on R0.5 and the yellow empty circles to Co on R0.1. Data for Co are from Fablet et al. (2024).43 287 

 288 
  289 

0.01

0.10

1.00

10.00

100.00

0.000001 0.001 1

[C
o]

s
or

 [N
i] s

(a
to

m
 n

m
-2

)

[Co] or [Ni]aq (mM) 

Série4
Série2
Série3
Série1

R0.1_Ni

R0.1_Co
R0.5_Co

R0.5_Ni

0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

[C
o]

s
or

 [N
i] s

(a
to

m
 n

m
-2

)

[Co] or [Ni]aq (mM) 

Série4
Série2
Série3
Série1

R0.1_Ni

R0.1_Co
R0.5_Co

R0.5_Ni

0
10
20
30
40
50
60
70
80
90

100

3 4 5 6 7 8 9 10

Co
 o

r N
i a

ds
or

be
d 

(%
)

pH

Série4
Série2
Série3
Série1

R0.1-Ni

R0.1-Co

R0.5-Ni

R0.5-Co

0
10
20
30
40
50
60
70
80
90

100

3 4 5 6 7 8 9 10

Co
 o

r 
N

i a
ds

or
be

d 
(%

)

pH

Série4
Série2
Série3
Série1

R0.1-Ni

R0.1-Co

R0.5-Ni

R0.5-Co

(b)

(d)(c)

(a)



13 
 

The experimental Ni sorption data are compared with model results obtained by the combination 290 

of a Langmuir and a Freundlich adsorption isotherm equations, with the following equations:41 291 

[𝑁𝑖]௦ = 𝑄௅ + 𝑄ி (5) 292 

where QL and QF are magnetite-bound Ni amounts. Eqn (4) describes QL: 293 

𝑄௅ = 𝑄௠௔௫
௄ಽ[ே௜]ೌ೜

ଵା௄ಽ[ே௜]ೌ೜
 (6) 294 

where Qmax is the adsorption capacity (here in atom per nm-2) and KL is the Langmuir constant (in 295 

L mmol-1). Eqn (5) describes QF: 296 

𝑄ி = 𝐾ி[𝑁𝑖]௔௤
௡  (7) 297 

where KF is the Freundlich constant, and n is the non-ideality parameter. Results of the fit are 298 

shown in Fig. 2. The parameters of eqn (3)-(5) for both stoichiometry are shown in Table 1. For 299 

Ni onto R0.5, surface complexation, incorporation and polymer formation are together modeled 300 

with a single Langmuir equation (by contrast with Co that required two Langmuir ones)66 301 

characterized by Qmax is equal to 2.30 atom nm-2 with log KL = 3.14. For R0.1, model results define 302 

Qmax = 0.96 atom nm-2 and log KL = 1.76. The Qmax value of Ni for R0.1 is close to that of the first 303 

Langmuir equation of Co (QL1 = 0.52 atom nm-2 for R0.1 and R0.5), which further points to the 304 

fact that Ni-polymer formation is very limited at R0.1 surface. Parameters for the Freundlich 305 

equation are similar between both stoichiometries with Ni, as expected from the similar sorption 306 

data. Overall, the model combining the two adsorption isotherm models well predicted the 307 

experimental results. However, as already pointed out,40,41 the present model is here used as a 308 

semi-quantitative guide to interpret isotherm and spectroscopic data taking into account several 309 

distinct surface species. It cannot be considered as a predictive model of the interaction of metals 310 

with magnetite because it does not include several key parameters, such as electrostatic 311 

contribution for example.  312 
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 313 

Fig. 2 Ni adsorption isotherm on R0.5 (a,b) and R0.1 (c,d) (0.5 g L-1) presented as linear (a, c) and logarithmic scale (b, d), at 314 
pH 8 in 10 mM NaCl, The points represent the experimental data (“Exp. data”), represented by circles and triangles. The data 315 
represented by a triangle were analyzed by hard XAS and data with a gray triangle are also analyzed by soft XAS. Dashed lines 316 
are the model results using a combination of a Langmuir (blue line), and a Freundlich (red line) isotherm equations. 317 

 318 
  319 
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Table 1 Optimized parameters of equation X, for Langmuir model (L) and Freundlich model (F), for R0.1 and R0.5. Qmax is the 320 
adsorption capacity (atom nm-2).   321 

Stoichiometry Parameters Langmuir (L) Freundlich (F) 

R0.1 

n - 1.64 

log K 1.76 0.17 

Qmax 0.96 - 

R0.5 

n - 1.55 

log K 3.14 0 

Qmax 2.30 - 

 322 
 323 

3.2. Nickel speciation by XAS and XMCD at L2,3-edges 324 

The speciation of Ni bound to R0.5 and R0.1 was studied at several Ni concentrations by XAS 325 

(Fig. 3a and b respectively) at Ni L2,3-edges. Raw XAS spectra are also shown in Fig. S2. The XAS 326 

spectra show two contributions at L3-edge at around 850 eV (peak A) and 852 eV (peak B), and a 327 

double peak at L2-edge at 866.8 eV (peak C) and 868.2 (peak D). The presence of these multiple 328 

peaks are characteristic of the doublet structure of Ni(II).68–70 All XAS spectra were normalized to 329 

the intensity of peak A in order to study the evolution of the other peaks. For both stoichiometries, 330 

as the Ni concentration increases, the XAS spectra show an evolution of the intensity of peaks B 331 

and D, as well as a decrease in peak C. Thus, spectra at low [Ni] tend to resemble the spectrum of 332 

the NiFe2O4 reference while spectra at high [Ni] are similar to that of the Ni(OH)2 reference. It 333 

should be noted that at low Ni concentrations ([Ni]s = 0.5 atom nm-2 for R0.5 and 0.4 atom nm-2 334 

for R0.1), the intensity of peak B is larger for R0.1 than R0.5. Furthermore, the spectra of R0.5 335 

and NiFe2O4 are quite similar, except a slightly less intense peak B for R0.5, whereas the spectrum 336 

of R0.1 shows more intense B and D peaks than that of NiFe2O4. These results suggest that at low 337 

concentrations, Ni does not form the same species on R0.1 as on R0.5, which is in line with the 338 

interpretation of isotherm data, pointing to a favored Ni incorporation (i.e. NiFe2O4-like phase 339 

formation) into R0.5. On the other hand, at high Ni concentration ([Ni]s = 20.4 atom nm-2 for R0.5 340 

and 22.6 atom nm-2 for R0.1), both stoichiometries present a spectrum almost identical to that of 341 

Ni(OH)2, indicating the formation of a precipitate, as distinct particles and/or at magnetite surface, 342 
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which is consistent with the adsorption isotherm data. The presence of a ferrimagnetic phase 343 

(NiFe2O4-like) at low [Ni], followed by the formation of an antiferromagnetic (Ni(OH)2-like) 344 

phase at high [Ni] is an interpretation also supported by XMCD investigations, as detailed in SI 345 

(Fig. S3 and S4), because (i) XMCD signal intensity decreases with increasing [Ni] and (ii) Ni-346 

specific magnetization curves show saturation and absence of saturation at low and high [Ni], 347 

respectively, which is characteristic of ferrimagnetic (e.g. NiFe2O4) and antiferromagnetic phase 348 

(e.g. Ni(OH)2). The XAS and XMCD spectra at the Fe L2,3-edges are presented in Fig. S5, and are 349 

consistent with previous reports for R0.1 and R0.5.40,41 No significant effects of Ni is observed on 350 

Fe speciation, probably because the small amount of Ni with respect to Fe in the solid phase, as 351 

observed for Co.42,43 352 
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 353 
Fig. 3 Normalized XAS spectra at the Ni L2,3-edges, at 4.2 K and under 6.4 T for (a) R0.5 and (b) R0.1 with different Ni content 354 
(0.4 ≤ [Ni]s ≤ 22.6 atom nm-2) and two references: NiFe2O4 (dotted line) and Ni(OH)2 (full black line). XAS signals are normalized 355 
to the maximum peak. 356 
 357 

3.3. Structure of Ni surface species probed by HERFD-XAS at K-edge 358 

In order to further understand the difference on the adsorption mechanisms of Ni onto R0.1 and 359 

R0.5, the Ni speciation was probed by HERFD-XAS at Ni K-edge. The XANES spectra of the 360 
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samples with different solid concentrations ([Ni]s = 0.4 to 22.6 atom nm-2) are presented in Fig. 361 

4a,b. XANES spectra exhibit a main peak at 8351.6 eV, accompanied by a shoulder at 8349 eV, 362 

corresponding to the transition 1s → 4p. For both R0.1 and R0.5, the shoulder increases in intensity 363 

as the solid Ni concentration increases. For the highest [Ni]s, the spectra are similar to that of the 364 

Ni(OH)2 reference. However, at any [Ni] the shoulder is greater for R0.1 than for R0.5. The Ni K-365 

edge spectra exhibit a small pre-edge absorption peak, corresponding to the transition 1s → 3d 366 

(Fig. 4c,d). The pre-edge is composed of a main peak, at 8333.3 eV, which corresponds to the Ni 367 

present on Oh sites,71 and a second peak at 8337 eV for low Ni concentrations. The second peak 368 

decreases and disappears as Ni concentration increases. In the case of R0.5, the pre-edge spectrum 369 

of  [Ni]s = 0.5 atom nm-2 is very close to that of NiFe2O4.72 Figure S6 shows the theoretical XANES 370 

Ni K-edge spectra of Ni(OH)2 and NiFe2O4. In the XANES simulation, the intensity of the 1st peak 371 

around 8346 eV is strong for Ni(OH)2, which is consistent with the features of the XANES 372 

experimental spectra of R = 0.5 with high Ni concentration (Fig. 4a). When Ni is in the magnetite 373 

structure (NiFe2O4-like structure), the intensity of the 1st peak of the simulated XANES spectrum 374 

decrease and the intensity of the 2nd peak around 8350 eV increase, which is consistent of the 375 

feature of XANES spectra of R0.5 with low Ni concentration (Fig. 4a). These results support that 376 

the occurrence of Ni in magnetite-like structure for low Ni concentration with R0.5. For the same 377 

Ni solid concentration ([Ni]s = 0.4 atom nm-2), R0.1 shows a similar pre-edge feature at 8333.3 378 

eV, but the one at 8337 eV is less intense than that of R0.5. At high Ni concentrations, the spectra 379 

for R0.1 and R0.5 are similar and close to that of the Ni(OH)2 reference, in accordance with the 380 

formation of a precipitate. These results are in line with the Ni L2,3-edges XAS and XMCD data 381 

presented above.  382 



19 
 

 383 

Fig. 4 XANES spectra obtained for different Ni solid concentration (from 0.4 to 22.6 atom nm-2) for (a) R0.5 and (b) R0.1, and 384 
a zoom on the pre-edge feature between 8330 and 8340 eV for (c) R0.5 and (d) R0.1. The reference of Ni(OH)2 is illustrated in 385 
dotted lines. 386 
  387 
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The k3-weighed EXAFS spectra for the samples with different Ni concentrations ([Ni]s = 0.4 to 388 

22.6 atom nm-2) for R0.5 and R0.1 are shown in Fig. 6a,b. The EXAFS spectra of R0.5 (Fig. 5a) 389 

and R0.1 (Fig. 5b) present characteristic features, which evolve as the concentration of solid Ni 390 

increases and shifts slightly. At high concentrations, for both R0.1 and R0.5, the spectra are similar 391 

to those of Ni(OH)2. The characteristic features in the EXAFS spectra at low [Ni] are less 392 

pronounced for R0.1 than for R0.5. For R0.5 and low Ni concentration, the spectrum is similar to 393 

that found for Ni substituted on Oh sites in the magnetite.73 The corresponding Fourier-transform 394 

(FT) of EXAFS spectra are shown in Fig. 5c for R0.5 and Fig. 5d for R0.1. The distance of the 395 

first shell of the FT at ~1.5 Å corresponds to a Ni-O interaction and the second at ~2.7 Å to a Ni-396 

Fe or Ni-Ni interaction.74,75 Indeed, as Fe and Ni have very close atomic number (ΔZ=2), similar 397 

ionic radii and form similar local structures, it is difficult to differentiate them.31 At low and 398 

medium Ni concentrations, a third shell is distinguished at ~ 4.66 Å. The FT at low concentrations 399 

for R0.5 are similar to the spectra found for Ni ferrites, with the presence of three shells.73 As the 400 

Ni concentration increases, the spectra are more and more similar to that of the measured Ni(OH)2 401 

reference. The same behavior is observed on R0.1, but third shell is hardly detected.  402 



21 
 

 403 
Fig. 5 EXAFS spectra obtained for different Ni solid concentration (from 0.4 to 22.6 atom nm-2) and Ni(OH)2 reference for (a) 404 

R0.5 and (b) R0.1, and the corresponding Fourier Transform for (c) R0.5 and (d) R0.1, plotted with the fit results reported as dotted 405 

lines. 406 

  407 
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EXAFS spectra were fitted to accurately probe the speciation of Ni in presence of R0.5 and 408 

R0.1, as well as Ni(OH)2 reference. The fits are plotted in Fig. 5, and the parameters for the two 409 

extreme concentrations are presented in Table 2 for Ni(OH)2 and for both stoichiometries. The 410 

parameters for the other concentrations are presented in Table S2 and Table S3 for R0.5 and R0.1, 411 

respectively. The EXAFS of Ni(OH)2 spectrum was fitted with ~6 O at 2.04 Å and a 6 Ni at 3.09 412 

Å, in agreement with  literature data for Ni(OH)2 particles, in which Ni is octahedrally coordinated 413 

to O, and shares edges with other Ni octahedrons.76,77 For all samples, ~6 O are found at 2.05 ± 414 

0.01 Å. For R0.5, at low Ni concentration ([Ni]s = 0.5 atom nm-2), three different Ni-Fe/Ni paths 415 

were determined. An initial fit indicated a coordination number of ~6 for all three paths, which 416 

were then constrained to the same value. The first two Ni-Fe/Ni paths were found at 2.98 and 3.52 417 

Å, contributing to the second coordination sphere (Table 2). These distances correspond to those 418 

found for Ni-FeOh (between 2.92 and 2.94 Å) and Ni-FeTd (between 3.44 and 3.51 Å) bonds in 419 

nickel ferrites.78–81 A third Ni-Fe/Ni path is found at 5.14 Å in agreement with literature data for 420 

nickel ferrites.78 These results suggest that, at low Ni concentrations, Ni is incorporated into  421 

stoichiometric magnetite nanoparticles. As the [Ni] increases, the number of neighbors in the 422 

second shell decreases from 6.2 to 3.8, while the interatomic distance of the first Ni-Fe/Ni path 423 

increases from 2.98 to 3.07 Å. The distance of the second Ni-Fe/Ni path remains constant (3.57 ± 424 

0.05 Å). In addition, the number of neighbors for the third Ni-Fe/Ni path decreases up to [Ni]s = 425 

9.4 atom nm-2 before disappearing. These changes in coordination number indicate that Ni in Oh 426 

symmetry is increasing with respect to Td one, in line with the transition from NiFe2O4- to 427 

Ni(OH)2-like phases. This can be illustrated through the FeTd-to-FeOh coordination number ratio 428 

(Fig. 5a), which equals 1 for nickel ferrites, but decreases as [Ni] increases. Furthermore, the Ni-429 

FeOh distance increases (Fig. S7a) with increasing Ni concentration, approaching the values found 430 

for the Ni(OH)2 reference. The presence of Ni(OH)2 is also confirmed by the absence of the third 431 

Ni-Fe/Ni path for high Ni concentrations (Fig. S7b). For intermediate concentrations ([Ni]s = 2.3 432 

to 9.4 atom nm-2), it is difficult to pinpoint the exact Ni speciation. An R value between 3.0 and 433 

3.3 Å can also be attributed to polynuclear complexes.80 In the case of R0.1, at low Ni 434 

concentration ([Ni]s = 0.4 atom nm-2), only ~3.5 Fe/Ni atoms were found at 3.01, 3.54 and 5.15 Å 435 

(Table 2). Similar trends are observed in FeTd/FeOh (Fig. S7a) and in the R value of the first Ni-436 

Fe/Ni that increases from 3.01 to 3.08 Å, when Ni concentration increases. Compared to R0.5 the 437 



23 
 

FeTd/FeOh ratio is smaller, suggesting a greater proportion of Ni(OH)2 precipitate when Ni is in the 438 

presence of non-stoichiometric magnetite. 439 

Table 2 Structural parameters deduced from the EXAFS analysis at the Ni K-edge for different Ni concentrations on R0.5 ([Ni]s 440 
= 0.5 and 20.4 atom nm-2) and R0.1 ([Ni]s = 0.4 and 22.6 atom nm-2), and for Ni(OH)2 reference. CN: coordination number, R: 441 
interatomic distance (Å), σ²: Debye-Waller factor (Å2). E0 is the energy shift parameter (eV). Uncertainties in CN, R and σ² are 442 
estimated to be ± 10%, 1% and 20%, respectively. For [Ni]s = 0.5 and 0.4 atom nm-2, the three Ni-Fe/Ni paths were fixed after 443 
preliminary adjustments. Constrained parameters are denoted by “*”. 444 

Sample 

Path Parameters 

Ni-O 
Ni-
Fe/Ni 

Ni-
Fe/Ni 

Ni-
Fe/Ni 

E0 
Reduced-
chi² 

R-
factor 

Ni(OH)2 

CN 5.5 5.8   

-2.9 12.60 0.03 R 2.04 3.09   

σ² 0.009 0.007   

[Ni]s = 0.5 atom 
nm-2 

(R0.5) 

CN 6.1 6.2* 6.2* 6.2* 

-1.5 8.57 0.03 R 2.05 2.98 3.52 5.14 

σ² 0.005 0.009 0.010 0.002 

[Ni]s = 20.4 atom 
nm-2 

(R0.5) 

CN 6.0 3.8 1.8  

-2.8 11.18 0.03 R 2.04 3.07 3.54  

σ² 0.006 0.007 0.009  

[Ni]s = 0.4 atom 
nm-2 

(R0.1) 

CN 5.9 3.5* 3.5* 3.5* 

-2.3 10.50 0.06 R 2.04 3.01 3.54 5.15 

σ² 0.005 0.008 0.010 0.004 

[Ni]s = 22.6 atom 
nm-2 

(R0.1) 

CN 6.0 4.2 1.0  

-2.7 11.61 0.02 R 2.04 3.08 3.58  

σ² 0.005 0.006 0.007  

  445 
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The results indicate different Ni speciation depending on [Ni] and magnetite stoichiometry. 446 

Thus, at low Ni concentration, the Ni seems to be incorporated into the R0.5 (Fig. 6a), and to 447 

adsorb on the surface of R0.1 by forming an edge-sharing complex with three FeO6 (Oh) and 448 

corner-sharing complex with three FeO4 (Td) (Fig. 6b). On the other hand, at high Ni 449 

concentrations, its behavior is similar with R0.1 and R0.5 because it precipitates as Ni(OH)2. 450 

 451 
Fig. 6 Proposed structures for low [Ni]. (a) Ni incorporated in stoichiometric magnetite (R0.5) in a NiFe2O4-like structure, and 452 
(b) Ni adsorbed on the surface of non-stoichiometric magnetite (R0.1) by forming an edge-sharing complexes with three octahedral 453 
Fe (FeO6) and corner-sharing complexes with three tetrahedral Fe (FeO4). Blue balls: Ni. Black balls: Fe. Red balls: O. 454 
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4. Conclusion 455 

The present study provides new insights into interactions between Ni and Fe3-δO4 nanoparticles, 456 

taking, emphasizing the influence of magnetite stoichiometry and pH on Ni speciation. Key 457 

mechanisms include Ni incorporation as NiFe2O4-like structure, surface complex formation, and 458 

precipitation of Ni(OH)2-like phases. Compared to Co, Ni shows weaker interactions with oxidized 459 

magnetite (R0.1), likely due to its less flexible redox behavior and larger ionic radius. At trace 460 

levels, Ni incorporation is enhanced in stoichiometric magnetite (R0.5), where Fe(II) plays a 461 

critical role in facilitating dynamic metal uptake.  462 

These findings underline the importance of magnetite stoichiometry in controlling Ni 463 

interactions, with implications for remediation applications and the synthesis of Ni-doped 464 

magnetite nanoparticles for environmental and technological purposes. Furthermore, this study 465 

highlights the role of redox-sensitive magnetite-maghemite solid solutions, commonly found in 466 

soils and sediments subjected to redox fluctuations, in influencing Ni behaviour, bioavailability 467 

and toxicity.  468 

Finally, while Ni and Co share similarities as neighboring elements, their differing behaviors 469 

with magnetite highlight the complexity of surface speciation, which remains element-dependent. 470 

This underscores the challenges of developing predictive models for metal interactions with 471 

magnetite compared to other Fe-(hydr)oxides. Further research is needed to integrate the unique 472 

properties of magnetite into geochemical and surface speciation models to improve predictions of 473 

metal fate and ecotoxicity in both natural and anthropogenic environments.   474 
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