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Environmental significance

Magnetite nanoparticles are increasingly used and studied for the remediation of contaminated 
environments, due to their high affinity for metals, magnetic properties and natural presence 
in the environment. However, environmental factors such as pH, presence of natural organic 
molecules, and redox conditions have an impact on the stoichiometry of magnetite, and 
determine the adsorption of contaminants such as cobalt. Adsorption experiments and X-ray 
adsorption spectroscopy coupled with X-ray magnetic circular dichroism allowed to determine 
the amount and the speciation of Co bound to magnetite as a function of various environmental 
factors. The results of this work could help improve remediation using magnetite nanoparticles 
and better predict Co behavior in natural systems. 
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Abstract 

Magnetite nanoparticles are abundant in the environment and are notably used for 
environmental applications due to their unique magnetic, adsorption and redox properties. The 
stoichiometry of magnetite (Fe(II)/Fe(III)) is dependent on environmental factors (pH, presence 
of organic ligands, redox conditions), which largely affects magnetite nanoparticles physico-
chemical properties, such as redox reaction, but also adsorption of contaminants. However, 
the joint effects of environmental factors and magnetite stoichiometry on magnetite-metal 
cations interaction are elusive. This study focuses on Co as an important contaminant, and 
because Co-doped magnetite nanoparticles are of high interest for nanotechnology 
applications. Magnetite nanoparticles (~10nm) with different stoichiometries were synthesized 
by coprecipitation, and partially oxidized using H2O2 to obtain the desired stoichiometry. Batch 
studies were carried out with different [Co], using three different stoichiometries (0.1, 0.3 and 
0.5), at different pH values, and in the presence or the absence of natural organic matter (OM) 
or atmospheric O2(g). Experimental and modeling results, and XAS and XMCD analysis 
revealed that interactions between Co and magnetite varied, with favored oligomer formation 
and surface precipitation at higher stoichiometries. It was also highlighted that the formation 
of different species of Co depended on environmental conditions with the adsorption of 
monomers favored at low pH and in the presence of organic matter, and the partial oxidation 
of Co(II) to Co(III) in aerobic conditions. These results will help to predict the behavior and fate 
of Co in the environment and to understand the impact of environmental factors for an 
appropriate use of magnetite nanoparticles for environmental applications, or to synthesize 
Co-modified magnetite nanoparticles using water as solvent for high technology applications.

1. Introduction

Iron (oxyhydr)oxide nanoparticle are ubiquitous and largely known to exert a strong control on 
the transport, speciation, (bio)availability, and biotoxicity of many contaminants in the 
environment though adsorption processes.1–3 Contaminants interaction with iron 
(oxyhydr)oxide surfaces highly depends on physico-chemical factors such as pH, redox 
potential, ionic strength or the presence of organic coatings that can considerably vary 
between different natural systems. Interaction mechanisms between contaminants and iron 
(oxyhydr)oxides, and the effects of environmental factors on the extent of contaminants bound 
to the surface have been relatively well documented. This allowed, for instance, the 
development of mechanistic surface complexation models, that account for the impact of 
surface charging (related notably to surface protonation and background electrolyte 
concentration) to predict the chemical and electrostatic contribution to the ion surface 
complexation,1,4 to account for polymer and surface precipitate formation,5,6 the adsorption of 
Fe2+ and associated redox effects,7,8 the formation of surface-metal-ligand ternary complexes 
with small organic or inorganic ligands,9,10 as well as humic-like substances.11–13 Although 
these surface speciation models are powerful tools to predict the behavior and fate of 
contaminants in naturals systems, further work is required to account for the impact of 
important adsorbing phases such as spinel iron oxide nanoparticles, including magnetite.

Spinel iron oxide nanoparticles (Fe3-δO4) are mixed compounds of Fe(II) and Fe(III), which 
occur naturally in the environment. Their structure is inverse with Fe(II) in the octahedral sites 
and Fe(III) in the octahedral and tetrahedral sites.14–16 The full stoichiometric structure, which 
characterizes magnetite, is defined by a Fe(II)-to-Fe(III) ratio (R) equal to 0.5 (or δ = 0).17 Non-
stoichiometric magnetite shows R values between 0 and 0.5 (or 0 ⩽ δ ⩽ 1/3). When R value 
tends to 0 (δ → 1/3), the magnetite structure is close to that of maghemite (Fe2O3), with the 
presence of iron vacancies in the octahedral sites and the absence of Fe(II).17 The 
stoichiometry is dependent on various environmental factors, such as pH,18 redox potential 
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(e.g. presence or absence of oxidants such as O2 or H2O2 to reduce stoichiometry, or Fe2+ to 
restore stoichiometry),17,19 microbial activity,20 or organic ligands.21,22 Thus, magnetites with 
different stoichiometries can exist in subsurface environments or in temporarily flooded soils, 
where conditions influence Fe valence.23 

Besides the substantial changes in the magnetite structure imposed by the environmental 
conditions, and related changes in their electronic and magnetic properties,3,24 magnetite 
stoichiometry also drastically affects its reactivity toward contaminants. The redox properties 
make magnetite very interesting for the reduction or oxidation of redox-sensitive chemical 
compounds at the magnetite surface in industrial and environmental processes,19,25–30 or in 
medical applications.31,32 Therefore, much effort has been made to characterize the impact of 
the stoichiometry on the thermodynamics and kinetics of the reduction reactions of inorganic 
and organic compounds, such as U(VI) reduction to U(IV)26 or nitrobenzene reduction to 
aniline19, or on its capacity to promote advanced oxidation processes trough Fenton-like 
reactions.25,33 However, the impact of magnetite stoichiometry on surface complexation, 
polymerization and precipitation of metal ions have been largely overlooked. For instance, the 
adsorptions of several ligands (nalidixic acid, salicylate, and humic acid) were shown to 
increase with magnetite stoichiometry.34 Similar observation was made by comparing the 
adsorption of Co2+ onto pristine and fully oxidized magnetite (i.e. maghemite).35 However, 
available surface complexation models only consider pure magnetite or maghemite 
surfaces,36,37 so the impact of magnetite stoichiometry on contaminants adsorption is not 
accurately predicted. By contrast with other iron (oxyhydr)oxide, the development of such 
model for magnetite is more challenging due to the dynamic behavior of the magnetite-
maghemite solid solution. Further work is required to decouple the direct effects of 
environmental factors from the indirect ones, occurring through a modification of magnetite 
stoichiometry, on the surface speciation of metal ions such as Co2+. This would, first, allow to 
better predict the impact of magnetite on their environmental behavior and fate, particularly in 
Fe-rich subsurface environments or temporary flooded soils (e.g., wetlands experiencing 
redox potential fluctuation). Second,  as magnetite nanoparticles are widely used as 
adsorbents in water treatment due to various advantages (e.g. high adsorption capacity, easy 
magnetic separation from water, reusability, low toxicity and biocompatibility 38–42 a better 
prediction of magnetite adsorption capacity towards contaminants like Co might help 
optimizing its use in various physico-chemical conditions. 

Predicting the surface speciation of Co is also interesting for the synthesis of nanomaterials 
for high technology applications. Indeed, surface-bound Co may improve the magnetic 
properties of magnetite nanoparticles, by decreasing their magnetic anisotropy at ambient 
temperature, while keeping a small size, which is of great interest for magneto-optic 
devices,43,44 electronic devices,45 data storage,46–48 high-density recording49 or even for 
replacing the rare earths contained in certain permanent magnets.46,50 A previous study, 
evidenced the role of Co surface loading on Co speciation on stoichiometric magnetite,51 which 
drastically affected the magnetic behavior of the nanoparticle. Surface complexed or 
incorporated Co2+ had a ferrimagnetic behavior at low loadings, magnetically-silent small Co 
polymers formed at intermediate loadings and precipitation of antiferromagnetic Co(OH)2(s)-
like phase onto the magnetite surface occurred for highest Co concentrations. Therefore, 
understanding the effects of physico-chemical parameters might allow to better constrain the 
properties of Co-modified magnetite nanoparticles.

The present study investigated the sorption of Co(II) on magnetite in aqueous suspensions, 
with the aim of unraveling the impacts of magnetite stoichiometry and important environmental 
factors (pH, organic ligands and oxidation) on the sorption and surface speciation of Co. 
Following a previous study on stoichiometric magnetite, adsorption isotherm experiments and 
modeling were performed and compared for non-stoichiometric magnetite, at pH 8 and under 
inert atmosphere, to avoid Fe2+ oxidation or H+ promoted dissolution.17,18 The effects of pH and 
humic acid concentration on both magnetite stoichiometry and Co(II) adsorption were 
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investigated under inert atmosphere, starting from a fully stoichiometric magnetite. Finally, the 
effect of O2 on the redox speciation of Co at the surface of oxidized magnetite (quasi-
maghemite) was also probed. All samples were characterized by X-ray absorption 
spectroscopy (XAS) and magnetic circular dichroism (XMCD) at Fe and Co L2,3-edges. This 
allows to determine the oxidation state distribution of both elements (including magnetite 
stoichiometry),17,18 their occurrence in octahedral or tetrahedral sites in spinel structure or at 
the surface of magnetite, and the surface speciation of Co, such as monomer, oligomer and 
Co(OH)2-like phase formation.51 The results provide important data for predicting Co 
speciation in the presence of magnetite in aqueous systems depending on environmental 
factors.

2. Materials and Methods

2.1. Chemicals

All chemicals used were purchased from Sigma-Adrich and were of analytical grade or better. 
Sample solutions were prepared with “MilliQ” ultrapure water (specific resistivity 18.2 MΩ cm). 
All the experiments, except the oxidation experiment, were performed in an anaerobic 
chamber (N2-glovebox, JACOMEX, O2(g) < 1 ppm) and all the solutions were purged with N2(g) 
for at least 12 h inside the glovebox before use. The pH of all the samples were adjusted by 
HCl and NaOH (no buffer was used). For TEM measurements, hexadecyltrimethylammonium 
bromide (CTAB) was used as a surfactant. The Co hydroxide reference used was synthesized 
in a previous study.51 The Co3O4 reference was purchased from Sigma-Adrich. Natural organic 
matter (OM) was purchased from the International Humic Substances Society (IHSS) and 
corresponded to the Leonardite humic acid (1S104H).

2.2. Synthesis of nanomagnetites with various stoichiometries

All syntheses were performed in an N2-glovebox, at room temperature, following a well-known 
co-precipitation method of iron salts.17,52,53 The full stoichiometric magnetite (R = Fe(II)/Fe(III) 
= 0.5) was synthesized with the dissolution of  FeCl2 and FeCl3 in HCl solution, which was then 
added to NaOH solution leading to the instantaneous precipitation of ∼10 nm magnetite 
nanoparticles. For non-stoichiometric nanoparticles (R = 0.1 and R = 0.3), known amounts of 
H2O2 were added to R0.5. The synthesized solutions were washed with ultrapure water (at pH 
~ 8.5 to avoid the release of Fe2+). The stoichiometry of the synthesized nanoparticles was 
verified by spectrophotometric determination of dissolved [Fe(II)] and total [Fe] (i.e., [Fe(III)] + 
[Fe(II)]) by the phenanthroline 1-10 colorimetric method.54,55

2.3. Sorption experiments

Aqueous suspensions of Fe3-δO4 nanoparticles (R0.1, R0.3, and R0.5) were prepared, for a 
total Fe concentration of 6.5 mM (~0.5 g L-1 of magnetite), in 15 mL tubes, with 10 mM NaCl. 
Isotherm experiments were performed at pH 8 and varying total Co concentration ([Co]tot) from 
0.01 to 3 mM (using a 100 mM CoCl2 stock solution) for R0.1 and R0.3. Data for R0.5 were 
already obtained in a previous study.51 The effects of pH were investigated using the three 
stoichiometries, for [Co]tot = 0.4 mM, and pH adjusted between 3 and 9. To understand the 
impact of OM, it was added to stoichiometric magnetite with concentrations ranging from 0 to 
50 mg L-1. Co was then added at a concentration of 0.04 mM and pH adjusted to 8. The 
concentrations of OM adsorbed on magnetites were measured by DOC (Dissolved Organic 
Carbon) analysis after sample filtration, by Shimadzu TOC-L carbon analyzer. To test the 
effect of oxidation on the Co adsorption process, a sample was prepared from R0.1 with [Co]tot 
= 3 mM, and the pH was adjusted to 8, in aerobic conditions. N2(g) bubbling was used to limit 
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carbonate dissolution. After 7 days of equilibrium, a magnet was used to collect the solid 
fraction of all the samples. The supernatant was filtered at 0.2 µm using cellulose PES filters 
(Sartorius Minisart). Cobalt concentrations were determined using a UV-Vis 
spectrophotometric method, adapted from Zahir and Keshtkar (1998).51,55–57 It is based on a 
complexation of Co2+ with 1-Nitroso-2-naphthol-3,6-disulfonic acid disodium salt hydrate 
(nitroso-R salt). The absorbance was recorded at 520 nm with a Shimadzu UV2600 
spectrophotometer. A cobalt calibration curve was determined, with concentrations ranging 
from between 5 to 100 µM, for the quantification of aqueous Co concentration in the filtered 
solutions ([Co]aq). For the samples with very small [Co]aq (i.e. < 5 µM), a quadrupole ICP-MS 
(Agilent Technologies 7700X) was used. Before Co quantification, calibration curves were 
performed and validated using certified material references (SLRS-6, National Research 
Council). A rhodium solution was used as an internal standard to correct the instrumental drift 
and potential matrix effects. The limit of Co quantification was determined at 18 nM (1.04 ppt) 
(AFNOR Certification).58 The total amount of Co associated with the solid phase was 
expressed in term of Co surface density onto Fe3-δO4 ([Co]s, in atom nm-2 ) and calculated as 
follows:

(1)[𝐶𝑜]𝑠 =  ([𝐶𝑜]𝑡𝑜𝑡 ―  [𝐶𝑜]𝑎𝑞) ∗  
𝑉
𝑚 ∗  

1
𝑆𝑆𝐴 ∗  𝑁𝐴 ∗  10 ―18

where [Co]tot and [Co]aq are given in mol L-1, V is the sample volume (L), m is the magnetite 
mass (g), SSA is the surface specific area (m² g-1) and NA is the Avogadro constant (mol-1). 
On the basis of repetition of some experiments, uncertainty associated with Co adsorption was 
5%.

A cobalt ferrite suspension was prepared by following the magnetite synthesis method (see 
section 2.2), replacing 10% of the Fe(II) (FeCl2.4H2O) with Co(II) (CoCl2.6H2O), in a N2 glovebox, 
at room temperature. NaOH was added until pH was stable at 8.5 and the solution was kept 
as is.

2.4. Characterization by TEM

Different nanoparticles samples were characterized by transmission electron microscopy (HR-
TEM; Jeol JEM 2100 HR microscope). A small volume of sample was taken (Co-magnetite, 
Co-OM-magnetite), which was then diluted with ultrapure water. All samples were sonicated 
for 15 min. A droplet of the diluted suspension was deposited on a Holey carbon film 300 mesh 
copper grid and dried inside the anaerobic chamber, except for the oxidized sample, which 
was made under aerobic conditions. Samples were transported to the microscope in 
hermetically sealed glass bottles, preserving them under a N2 atmosphere. The average 
particle diameter of the pristine magnetite was found equal to 11.5 ± 1.5 nm for R0.5, 10.6 ± 
2.6 nm for R0.3 and 9.6 ± 2.6 nm for R0.1, by measuring 100 particles.17,18 

2.5. XAS and XMCD analyses

Solid samples were analyzed by XAS and XMCD, covering the soft X-ray range and probing 
the L2,3 range (2p → 3d) absorption edges of Fe and Co transition metals. XAS and XMCD 
analyses, which are chemically selective and sensitive to valence states, were helping to better 
understand the contribution of Co and Fe cations to the structure and magnetic behavior of 
nanoparticles. XAS and XMCD spectra were recorded on the DEIMOS beamline at 
synchrotron SOLEIL.59 Measurements were carried out on dried nanoparticles, by dropping 
colloidal suspensions on silicon plates which were dried at room temperature in an Ar-glove 
box (JACOMEX O2(g) < 1 ppm) connected to the DEIMOS station. The silicon plates were fixed 
to a copper sample holder, which was then introduced into the superconducting magnet of 
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DEIMOS end station. All the spectra were collected in total electron yield (TEY) at 4.2 K and 
in UHV conditions (10-10

 mbar). XAS spectra were recorded by reversing the full circular 
polarization of the X-rays to the right (σR) or left (σL), and by varying the external magnetic field 
(H = +6 or -6 T). Isotropic XAS spectra were plotted as (σ+ + σ-)/2, while the XMCD results 
were plotted as (σ+ - σ-), where σ+ = [σL(H-) + σR(H+)]/2 and σ- =  [σL(H+) + σR(H-)]/2. For all the 
Co spectra, the background of XAS and XMCD at the Co L2,3 edges were corrected by 
subtracting from the raw signal the XAS and XMCD results of the corresponding pure 
magnetite (R0.1, R0.3 or R0.5, without Co) sample measured at Co edges. Then, XAS and 
XMCD were normalized by dividing the raw signal by the edge jump of the isotropic XAS. By 
measuring XMCD intensity as a function of external magnetic fields (from +6 to -6T), XMCD 
magnetization curves at specific sites on the Co L3 edge of Co were plotted. At DEIMOS 
beamline, the fully circularly polarized X-rays were provided by an Apple-II HU52 undulator for 
XAS and XMCD, while EMPHU65 with a polarization flipping rate of 10 Hz was used to record 
the magnetization curves. The beam size was 800 × 800 μm2 and the photon energy resolution 
was 100 meV. 

The different peaks obtained by Fe XMCD at L3-edge were used to estimate the stoichiometry 
of the samples. The evolution of peak intensities  were  be monitored using the S indicator:17,60

(2)𝑆 =  
(𝑆1 +  𝑆2)
(𝑆2 +  𝑆3)

The peak S1 is attributed to Fe(II) and Fe(III) in octahedral sites, although Fe(II) dominates. 
The S2 peak corresponds to Fe(III) in tetrahedral sites, while the S3 peak corresponds to the 
contribution of Fe(III) in octahedral sites.17 The S indicator was then used to calculate the 
effective stoichiometry according to the method described in Jungcharoen et al. (2021).17

3. Results and Discussion

3.1. Effect of magnetite stoichiometry on Co adsorption

Co adsorption as a function of their concentrations was studied on three different 
stoichiometries: R0.1, R0.3 and R0.5. TEM images are shown in Fig. S2 for the two extreme 
Co concentrations ([Co]s = 0.5; 18.9 and 25.7 atom nm-2 respectively) for R0.1 and R0.5. The 
Co adsorption isotherms measured for the three stoichiometries, at pH 8, are shown in Fig 1, 
using linear scales, and in Fig. S3 using log scales that allow to visualize Co sorption behavior 
at trace levels, relevant to natural systems (data in Table S1). Data for R0.5 were taken from 
our previous study.51 The evolution of the data as a function of Co concentration reveals three 
steps with (i) a large amount of Co adsorbed at low concentration, (ii) a change of slope with 
more Co in solution at intermediate concentration and (iii) a linear adsorption at high Co 
concentration. At low Co surface loadings (< 0.1 nm-2), adsorption is similar and strong for all 
three stoichiometries because Co either forms monomeric surface complexes or incorporates 
into the Fe3-δO4 surface structure.35,51 As Co loading increases, adsorption on R0.1 shows a 
plateau at around 4 nm-2, compared with 10 nm-2 for R0.3 and R0.5. A previous study 
dedicated to Co adsorption on magnetite at pH 8, but under oxidizing conditions, observed an 
adsorption plateau between 1.25 and 3.45 atom nm-2, depending on the surface area of the 
magnetite.56 As the surface of these magnetites was very likely oxidized under ambient 
atmosphere, the adsorption data compare well with the present ones obtained for R0.1.56 At 
such loadings, Co was shown to form small polymers on R0.5.51 This implies that, by contrast 
with monomeric Co species, surface polynuclear Co species formation is affected by the 
stoichiometry of magnetite. Similar observation was made with an organic ligand (nalidixic 
acid), for which the adsorption increased from 0 to 100% at pH 8 when the stoichiometry 
increased.34 Above the plateau, as the Co concentration in solution increases, the amount of 
Co in the solid phase rises non-linearly for [Co]aq > 0.2 mM for R0.3 and R0.5, and [Co]aq > 0.6 

Page 7 of 24 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

02
4.

 D
ow

nl
oa

de
d 

by
 B

ib
lio

th
eq

ue
 d

e 
L

’U
ni

ve
rs

ite
 d

e 
R

en
ne

s 
I 

on
 3

/2
6/

20
24

 9
:4

5:
32

 A
M

. 

View Article Online
DOI: 10.1039/D3EN00962A

https://doi.org/10.1039/d3en00962a


8

mM for R0.1. This Co behavior can be attributed to Co surface precipitation. The fact that the 
onset of Co surface precipitation is found at larger [Co]aq suggests that the surface of R0.1 
serves less efficiently as a template for Co-(hydr)oxide precipitation than higher stoichiometry 
magnetites. This observation is consistent with the smaller capacity of R0.1 to promote the 
formation of polynuclear Co species, compared to R0.3 and R0.5, because the latter species 
might be regarded as a first step before further polymerization process. 

Fig. 1 Cobalt adsorption isotherms on R0.1 and R0.3 (6.5 mM Fe) at pH 8, in 10 mM NaCl.  Symbols represent the 
experimental data (“Exp. data”). The dotted lines correspond to the model results, which is a combination of two 
Langmuir and one Freundlich models. Results are compared with data obtained for R0.5, taken from Fablet et al., 
2023.51 Analytical error bars of 5% are plotted, although not visible for some data and at logarithmic scale.  Error 
was set to 50% for data with [Co]aq < 0.001 mM on the logarithmic scale (i.e. ± 0.2 log unit)61 to acknowledge the 
fact that larger error may be encountered at low concentrations.  

The experimental data are compared with model results obtained by the combination of the 
two Langmuir and Freundlich adsorption isotherm equations, with the following equations, as 
described in a previous study and applied to R0.5:51 

 (3)[𝐶𝑜]𝑠 =  𝑄𝐿,1 +  𝑄𝐿,2 +  𝑄𝐹

where QL,i (i = 1 or 2) and QF are magnetite-bound Co amounts. The eqn (4) described QL,i:

 (4)𝑄𝐿,𝑖 =  𝑄𝑚𝑎𝑥,𝑖
𝐾𝐿,𝑖[𝐶𝑜]𝑎𝑞

1 +  𝐾𝐿,𝑖[𝐶𝑜]𝑎𝑞 

where Qmax,i is the adsorption capacity (here, in atom per nm2) and KL,i is the Langmuir constant 
(in L mmol-1). And the eqn (3) described QF:

(5)𝑄𝐹 =  𝐾𝐹[𝐶𝑜]𝑛
𝑎𝑞

where KF is the Freundlich constant, and n is the non-ideality parameter.
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Results of the fit are shown in Fig. 1, for [Co]s, and the contributions of the three considered 
mechanisms on the overall adsorption are shown in Fig. S3. The equation 3-5 parameters for 
each stoichiometry are shown in Table 1. Preliminary tests revealed that KL1 and KL2 values 
were similar for all stoichiometries, and were subsequently constrained equal in order to follow 
only the evolution of Qmax,i, KF and n. Although the first Langmuir equation seems negligible at 
a linear scale, it appears crucial to predict Co behavior at naturally relevant trace levels, which 
are visualized using log scales (Fig. S3). The first adsorption mechanism, at low Co 
concentrations where surface complexation of Co-monomers is expected to be the prevalent 
mechanism, is similar for the three different stoichiometries, with a Qmax,1 = 0.52 atom nm-2 and 
log KL1 = 4.18. The second mechanism differ for R0.1, R0.3 and R0.5, with Qmax,L2 values equal 
to 4.16, 9.48 and 10.51 atom nm-2 respectively. Finally, the third mechanism, which used the 
Freundlich equation to account for surface precipitation (as it can be seen as a multi-layer 
formation)62–64 also differs between the three stoichiometries, with n-KF couples leading to a 
onset of Co(OH)2 precipitation at [Co]aq = 0.4 mM for R0.1, and approximately 0.1 mM for R0.3 
and R0.5. This difference in Co behavior could be explained by the fact that R0.1 magnetite, 
which has a structure close to that of maghemite, has less Fe on its surface, replaced by 
vacancies, which might limit Co-oligomers and precipitate formation on its surface. As already 
pointed out,51 the present model is simple and cannot be considered as a predictive model of 
Co interaction with magnetite, because it does not include electrostatic contribution to the 
surface Co-magnetite binding, for instance. However, the model is used as a semi-quantitative 
guide for interpreting isotherm and spectroscopic data by accounting for three distinct surface 
species. 

;Table 1 Optimized parameters of equation 3, for Langmuir models (L1 and L2) and Freundlich model (F), for R0.1, 
R0.3 and R0.5. Qmax is the adsorption capacity (atom nm-2).

Stoichiometry Parameters L1 L2 F

n 3.27

Log K 4.18 1.39 0.34R0.1

Qmax 0.52 4.16

n 1.43

Log K 4.18 1.39 0R0.3

Qmax 0.52 9.48

n 2.41

Log K 4.18 1.39 0.25R0.5

Qmax 0.52 10.51

The speciation of Fe3-δO4-bound Co as a function of its stoichiometry was investigated at 
several Co concentrations by XAS and XMCD analysis. All isotropic XAS and XMCD spectra 
at the Co L3-edge are presented in Fig. S4. Selected results obtained for the three 
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stoichiometries at three different [Co]s, for which each surface species determined by the 
surface speciation model prevail are shown in Fig. 2 ([Co]tot = 0.04, 0.2 and 3 mM, 
corresponding to [Co]s = 0.5, 2-2.3 and 18.9-25.7 atom nm-2, respectively). The XAS spectra 
show four contributions at approximately 772.1 eV (peak A), 773.4 eV (peak B), 773.8 eV 
(peak C), and 774.7 eV (peak D), which are the multiplet peaks characteristic of the presence 
of Co2+ (Fig. 2a, b and c).65 All XAS spectra were normalized to the C peak in order to study 
the evolution of the other peaks. The XAS spectra of the samples show few differences at low 
(Fig. 2a) and medium (Fig. 2b) Co concentrations, which are similar to the reference spectrum 
of CoFe2O4 (Fig. S1) or that of adsorbed Co organic complexes to magnetite.66,67 Large A and 
D peaks at high Co concentrations (Fig. 2c), as observed for Co(OH)2 (reference taken from 
Fablet et al., 2023),51 point to the formation of Co(OH)2-like phase on the surface of all the 
magnetites. However, slightly more intense A and D peaks observed for R0.1 might suggest 
a larger extent of Co(OH)2 formation. XMCD spectra provide complementary information to 
XAS spectra and exhibit two peaks E (773.5 eV) and F (773.9 eV) (Fig. 2d, e and e). For low 
and intermediate Co concentrations (e.g. [Co]tot = 0.04 and 0.2 mM, Fig. 2d, e), the XMCD 
spectra of all stoichiometries resemble either to the CoFe2O4 reference spectrum or to the 
spectrum of adsorbed Co complexes to magnetite.46,66,67 At high Co concentrations (e.g. [Co]tot 
= 3 mM in Fig. 2f), the XMCD spectra of the samples resembles that of Co(OH)2, which is 
characterized by a smaller peak E (as probed by the E/F peak ratio in Fig. S5) that is slightly 
shifted to lower energy. Hence, XMCD results also confirm surface precipitation at high [Co]tot 
for all magnetites.
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Fig. 2 Normalized XAS spectra at the Co L3-edge at (a) [Co]tot = 0.04 mM, (b) [Co]tot = 0.2 mM, and (c) [Co]tot = 3 
mM, and normalized XMCD spectra at the Co L3-edge at (d) [Co]tot = 0.04 mM, (e) [Co]tot = 0.2 mM, and (f) [Co]tot 
= 3 mM, for the three magnetite stoichiometries: R0.1 in green, R0.3 in yellow, and R0.5 in blue (data for R0.5 from 
Fablet et al., 2023).51 The dotted line corresponds to the XAS and XMCD of CoFe2O4  and the solid line to Co(OH)2  
references. XAS signals are normalized by dividing the raw signal by the maximum XAS peak, and XMCD signals 
are normalized by dividing the raw signal by the maximum XAS peak. 
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Important variations in the intensity of the XMCD signal are observed depending on R and 
[Co]tot. The largest signal is observed for R0.5 at low [Co]tot (Fig. 2d), and was attributed to Co 
adsorption in the form of a monomer, whose structure is close to that of a ferrimagnetic 
CoFe2O4 structure.51 At low and intermediate [Co] (Fig. 2d,e), that is, in the absence of 
Co(OH)2 precipitation, the XMCD signal decreases with decreasing R, which is probably due 
to smaller magnetic Fe-Co coupling for non-stoichiometric than for stoichiometric magnetites. 
By contrast the XMCD signal is only little affected by R for high [Co]tot (Fig. 2f), which confirms 
that Co(OH)2 prevails at the surface of all stoichiometries. As previously observed for R0.5, 
XAS and XMCD spectra at the Fe L2,3 edge show no significant effect of Co on Fe solid 
speciation (Fig. S6).17 

The XMCD signal intensity is plotted against [Co]tot for each stoichiometry in Fig. 3, and is 
compared with the predicted surface speciation of Co calculated with the isotherm model (eqn. 
1). For all three magnetite stoichiometries, the decrease in the XMCD signal seems to be 
linked to the decrease in the first species (i.e. Co monomers) and the formation of the second 
species (i.e. Co oligomers). Moreover, the XMCD signal increases when the models predict 
Co(OH)2 formation. These results confirm previous observation that XMCD can be used to 
probe Co speciation at the surface of magnetite.51 These data were also compared with the 
results of linear combination fit (LCF), on normalized Co L3-edge XAS spectra for each 
stoichiometry (from 770 to 780 eV) to determine the percentage of Co(OH)2 versus the Co 
surface loading, used with the CoFe2O4 and Co(OH)2 references (Fig. S7, Table S2).51 The 
results obtained agree qualitatively with those of surface modeling on the increase in the 
amount of Co(OH)2. This is because linear combinations of XAS do not allow differentiation of 
the second species, Co oligomers, as shown for R0.5 magnetite.51 
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 Fig. 3  Percentage of the different species identified using the adsorption eqn (1) versus Co surface loading in log 
scale (in atom nm-2) compared to the percentage of the Co(OH)2(s)-like phase calculated from LCF of XAS data (red 
circles) and, on the secondary axis, the XMCD intensity (black squares), for (a) R0.1, (b) R0.3 and (c) R0.5 (data 
for R0.5 from Fablet et al., 2023).51 

The XMCD magnetization curves versus the magnetic field at Co2+
(Oh) site for R0.1, R0.3 and 

R0.5 with [Co]tot = 0.8 mM are shown on Fig. 4. The magnetic properties depend on the valence 
states of the elements and the alignment of cation moments in the crystal structure. Thus, the 
high-field saturation provides confirmation on the sorption behavior of Co on the surface of the 
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various stoichiometry. For R0.5 the magnetization curve tends to a saturation at high magnetic 
field which is in great agreement with a ferrimagnetic structure similar to CoFe2O4. However, 
decreasing the stoichiometry the magnetization curves tends to the non saturation at high field. 
Especially for R0.1, the magnetization curve shows no saturation, similarly to the one of 
Co(OH)2, which exhibits an antiferromagnetic structure. This is due to a larger proportion of 
Co(OH)2 on R0.1, compared to R0.3 and R0.5, which limits saturation.

Fig. 4 Normalized XMCD magnetization in percentage versus magnetic field measurement at Co L3-edge at 4.2 K 
for [Co]s  = 4.16, 7.88 and 8.30 atom nm-2 for R0.1, R0.3 and R0.5 respectively (corresponding to [Co]tot = 0.8 mM), 
and for Co(OH)2. Spectra are plotted as 2*(CR – CL)/(CR + CL), with CR is the spectrum of polarization circular 
right and CL the spectrum of polarization circular left.

3.2. Effect of pH on Co adsorption onto magnetites

To get insights into the stability of Co-oligomers versus monomers, the effect of pH on Co 
adsorption was investigated for intermediate [Co]tot (0.4 mM, where Co-oligomers occur at pH 
8), over a pH range from 3 to 10 for R0.1 and R0.5 (Fig. 5a). For the two stoichiometries the 
effect of pH on cobalt adsorption is similar, with almost no adsorption at pH values below 5, 
followed by an increase in adsorbed amount up to a complete Co removal from the solution at 
pH 8. However, slightly larger Co adsorption at 6.5 ≤ pH ≤ 8 onto R0.5 than onto R0.1. XAS 
and XMCD spectra at the Fe and Co L2,3-edges were recorded for R0.5 at pH = 6.5, pH at 
which [Co]s = 2 atoms nm-2 (~40% adsorbed). According to the Fe data (Fig. S8), no significant 
change in magnetite stoichiometry was observed between pH 6.5 and 8 (Reff = 0.48 and 0.53 
± 0.05, respectively).17 The XAS spectra of Co show no clear differences between the two pH 
values (Fig. S9). However, the XMCD spectrum (Fig. 5b) recorded at pH 6.5 shows an intense 
F peak and exhibits similar features to CoFe2O4, by contrast with the less intense signal and 
a spectrum that resembles Co(OH)2 at pH 8. This difference is due to the smaller amount of 
Co adsorbed on the magnetite surface at pH 6.5 than at pH 8, which favors the formation of 
surface Co monomeric species. In addition, oligomer formation and surface precipitation 
reactions of metal ions onto Fe-(hydro)oxides generally involve a larger stoichiometric number 
of OH- and, hence, only occur at relatively high pH values, by contrast with monomeric surface 
complexation that can occur at comparatively lower pH values.11 Finally, because (i) magnetite 
surface charge evolves with pH,36,37 and (ii) surface Co-oligomers and monomers might not 
carry the same charge, electrostatic effects can be expected to play a combined role with pH 
on the Co surface speciation.
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  Fig. 5 (a) Effect of pH on the percentage of Co adsorbed for two stoichiometry of magnetite: R0.1 (green circles), 
and R0.5 (blue squares), for [Co]tot = 0.4 mM, and (b) corresponding normalized XMCD spectra at the Co L3-edge 
at pH 6.5 (gray line) and 8 (blue line) for stoichiometric magnetite (R0.5). The dotted line corresponds to the XMCD 
of CoFe2O4 and the solid line to Co(OH)2 references. XMCD signals are normalized by dividing the raw signal by 
the maximum XAS peak. 

3.3. Organic matter (OM) effects on Co adsorption on stoichiometric 
magnetite (R0.5)

The effects of OM on Co surface complexation onto stoichiometric magnetite was studied for 
low [Co]tot (0.04 mM, where Co monomers prevail) with OM concentrations ranging from 2 to 
50 mg L-1, at pH 8. Magnetite and OM were pre-equilibrated before the addition of Co in order 
to maximize the effects of OM on Co surface speciation. Fig. 6a compares the percentage of 
adsorbed Co and the OM concentration in solid phase in mgC g-1 versus the total OM 
concentration. Adsorbed OM increases with total concentration, with over 90% of OM 
adsorbed for [OM] ≤ 10 mg L-1, but with a low slop, suggesting surface site saturation at high 
[OM], with only 59% of OM adsorbed for [OM] = 50 mg L-1. The percentage of Co adsorbed is 
only little affected by OM for [OM] ≤ 25 mg L-1, as it remains between 95 and 90%. This can 
be either due to the strong interaction between Co and magnetite, or ternary complexes (FeO-
Co-L or Fe-L-Co) often formed in the presence of different ligands (L), including natural organic 
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matter.11,13,66,67 For [OM] = 50 mg L-1, Co adsorption decreases to 46%.68,69 XAS and XMCD 
analyses at the Fe L2,3-edge (Fig. S11a, c) revealed that MO dissolves magnetite by 
preferential adsorption with Fe(II), inducing a more oxidized surface of the magnetite. 
However, because magnetite stoichiometry (R) decreases from 0.48 to 0.42, for 2 ≤ [OM] ≤ 25 
mg L-1, and decreases to 0.32 when [OM] = 50 mg L-1, this cannot explain alone the decrease 
in Co adsorption but, instead, this can be attributed to solution complexation between Co and 
OM.70,71 It is interesting to note that, while TEM images for [OM] = 2 mg L-1 show no significant 
effect of OM on magnetite nanoparticles aggregation, for [OM] = 50 mg L-1, very small Fe 
nanoparticles (around 2 nm-sized) appear. These small nanoparticles might arise from the 
released Fe(II) under the influence of OM and subsequent oxidation to Fe(III). Fe(III) 
nanoparticles formed from Fe(II)-OM complexes are known to exhibit very small sizes.72,73

   Fig. 6 (a) Adsorption of organic matter (OM) in mg g-1 Fe3O4 (black squares) and percentage of adsorbed cobalt 
(orange circles) and (b) XMCD at the Co L3-edge on stoichiometric magnetite (R0.5) (6.5 mM Fe), at pH 8, for 
[OM]tot = 2 to 50 mg L-1 and [Co]tot  = 0.04 mM. XMCD of Co signals are normalized by dividing the raw signal by 
the maximum XAS peak.

The XAS (Fig. S11b) and XMCD (Fig. 6b) spectra of Co are similar for all [OM], except for 
[OM] = 50 mg L-1, which has a slightly less intense XMCD signal. It is recalled that the intensity 
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of the XMCD signal cannot be related to the smaller amount of Co adsorbed at high [OM] (see 
e.g. Fig. 4 and related discussions). Instead this might be due to the binding of Co at the outer 
shell of a thick layer of OM, which can only weakly interact magnetically with the particle, as 
previously observed when the particle was covered with a layer of an organic molecule.74 

3.4. Oxidation effects on Co adsorption on R0.1 magnetite

Redox conditions, especially the occurrence of O2(g) might also have an impact on Co  
interaction with magnetite. Indeed, TEM images (Fig. S12) reveal that R0.1 equilibrated with 
[Co]tot = 3 mM under aerobic conditions at pH 8 is highly aggregated, with the formation of 
some leaflet structures. No evolution of magnetite stoichiometry was observed from Fe XAS 
and XMCD spectra because the already oxidized magnetite R0.1 was used. Adsorption 
measurements showed that in aerobic conditions, 7.1 atom nm-2 were associated with 
magnetite, compared with 19.9 atom nm-2 in anaerobic conditions, which points to a different 
Co speciation in the absence or presence of O2. The corresponding Co XAS spectrum (Fig. 
7a) shows a small peak A and a very intense peak at 775.3 eV (denoted G). It shares common 
characteristics with the XAS spectrum of Co3O4, a mixed compound of Co(II) and Co(III), which 
has no peak A, and a very intense peak G, characteristic of Co(III). Corresponding XMCD 
spectra are shown in Fig. 7b. Co3O4 has no signal, being an antiferromagnetic material. A 
XMCD signal is measured for the sample in aerobic condition, although weaker than that of 
the sample stored in anaerobic condition, which evidences the co-occurence of Co(II) 
magnetically coupled to magnetite. Furthermore, the XMCD spectrum of the oxidized sample 
is similar to the spectrum of CoFe2O4, by contrast with the sample prepared in the absence of 
O2, which has a shape similar to that of Co(OH)2. Previous studies have shown that Co(II) 
rapidly oxidized to Co(III) at room temperature, forming a Co3O4 phase on the particle 
surface.70,71 Total oxidation of Co to Co3O4 can be limited by the presence of CoO on the 
outermost layers.70,75 XAS and XMCD results suggest that, under aerobic conditions, partial 
oxidation of Co(II) to Co(III) limits Co(OH)2 precipitation in favor of Co(II) monomers and  a 
Co3O4-like precipitate. 
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Fig. 7 Normalized XAS (a) and (b) XMCD spectra at the Co L2-edge, of non-stoichiometric magnetite (R0.1) in 
anaerobic conditions (blue), with [Co]s = 19.9 atom nm-2, and aerobic conditions (red), with [Co]s = 7.1 atom nm-2 
([Fe]tot = 6.5 mM and [Co]tot = 3mM; pH 8), with references of Co(OH)2 (black line), Co3O4 (dashed gray line) and 
CoFe2O4 (dotted black line). XAS and XMCD of Co signals are normalized by dividing the raw signal by the XAS 
peak C.

4. Conclusions

Magnetite nanoparticles are increasingly being studied for environmental applications, due to 
their unique properties and natural presence in the environment. Their affinity with metals and 
their easy synthesis make them ideal candidates for water and soil remediation. However, the 
adsorption of metals onto magnetite is highly dependent on environmental factors. This study 
is focused on the interactions between Co and nanomagnetite as a function of magnetite 
stoichiometry (Fe(II)/Fe(III) = 0.1, 0.3 and 0.5), pH, the presence of organic matter and redox 
conditions. The impact of various environmental factors was probed by adsorption 
experiments and XAS and XMCD analyses. The results show that magnetite stoichiometry 
plays a crucial role in Co adsorption, which depended on Co surface loading. While no 
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important effects are observed at trace Co levels, where monomers in ferrimagnetic structure 
prevail, non-stoichiometric magnetite had smaller capacity to promote the formation of 
magnetically-silent polynuclear Co species, and appeared to serve less efficiently as a 
template for antiferromagnetic Co-(hydr)oxide precipitation than higher stoichiometry 
magnetites. In addition, results revealed a significant impact of the other environmental factors 
studied, with Co adsorption limited to acid pH and monomers adsorption favored due to both 
competition with H+ for magnetite surface sites and the larger stoichiometric number of H+ 
involved in cation polymerization reaction. Co adsorption was little affected by [OM], unless 
very large concentrations were tested ([OM] = 50 mg L-1), which might be due to the formation 
of ternary complexes between surface sites, Co and OM. Nevertheless, Co2+ remained 
magnetically interacting with magnetite at all [OM]. Finally, partial oxidation of Co(II) to Co(III) 
occurred on the magnetite surface under aerobic conditions, hence limiting the formation of 
Co(OH)2-like in favor of a Co3O4-like phase. This study has shed light onto the joint effects of 
magnetite stoichiometry and environmental factors on Co adsorption, surface speciation and 
magnetic behavior on magnetite surface. Present data might also be used for the development 
of a mechanistic surface complexation model that should not only account for the various 
phenomena listed in above in the introduction (e.g. surface charging and related electrostatic 
effects, competition with cations and protons, ternary complexes with inorganic ligands and 
OM), but also the indirect effects - through a modification of magnetite stoichiometry - of pH, 
redox conditions, and OM on Co(II) adsorption to magnetite. Indeed, as magnetite 
stoichiometry is strongly correlated with pH and redox conditions, knowledge of Co speciation 
as a function of magnetite stoichiometry and environmental factors is essential for better 
control remediation from magnetite nanoparticles, to predict environmental mechanisms, and 
potentially for the synthesis of Co-modified magnetite nanoparticles using water as solvent.
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