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Hypothesis: This study investigates the adsorption of americium and its chemical analogue europium on
magnetite, which is expected to form as a major long term steel canister corrosion product under anoxic
and highly saline conditions.
Experiments: The sorption of europium on magnetite (solid/liquid ratio 0.5 g/L) was investigated batch
wise in NaCl brines with ionic strength I 1 m, 3.5 m, and 6.67 m, as a function of pHm for two europium
concentrations (6 � 10 10 m, 1.2 � 10 5 m). Information on the chemical nature of the surface species
was obtained by X ray absorption spectroscopy (XAS) at the americium L3 edge.
Findings: Retention of europium by magnetite of >99.5% was found above pHm 6.4 for all ionic strengths
for europium concentration of 6 � 10 10 m. No ionic strength effect was observed in this pHm range. At
1.2 � 10 5 m europium concentration, 95 ± 4% sorption was found above pHm 7.5 for I 1 m and above
pHm 8.0 for I 3.5 m and 6.67 m. A small ionic strength effect was observed in this case. X ray absorption
spectroscopy (XAS) results are consistent with the batch sorption experiment outcomes, showing an
insignificant effect of ionic strength on the pHm dependent sorption. Results from potentiometric titra
tions of the solid phase, batch sorption experiments and spectroscopy were interpreted consistently with
a charge distribution multi site (CD MUSIC) triple layer surface complexation model assuming surface
coordination of the metal ion via a tridentate binding mode.

1. Introduction

Deep geological repositories have been selected as the most
appropriate option for final disposal of high level radioactive
waste. High level radioactive waste is expected to be emplaced
inside various types of metallic containers, most of them made of
steel [3]. One of the main corrosion products will be magnetite,
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as a stable crystalline iron corrosion product in moderately to
strongly reducing environments and under neutral to alkaline con
ditions. Magnetite can be formed either by the Schikorr reaction at
elevated temperature starting from Fe(OH)2 or by transformations
of metastable phases such as layered double hydroxides (green
rusts) [8]. Magnetite (Fe3O4) is a mineral with inverse spinel struc
ture where tetrahedral positions are filled with only Fe(III), while
the octahedral positions contain equal amounts of Fe(II) and Fe
(III). Alternating planes of Fetet and Feoct are stacked along the
(1 1 1) plane in the magnetite structure [48]. Furthermore, various
experimental corrosion tests have confirmed the formation of
magnetite under conditions relevant to deep geological repository
environments [47,24,48]. Thus, the interaction of magnetite with
radionuclides (RN) should be evaluated to allow prediction of their
migration behaviour. The affinity of different actinides towards
magnetite has been previously reported. U(VI) sorption on mag
netite under anoxic conditions was studied by Missana et al.
[32], and the interaction of U(VI) with magnetite generated
in situ by corrosion was reported by Rovira et al. [42]. Further,
the reducing effect of magnetite on U(VI) was investigated by
Grambow et al. [15], Scott et al. [44], Ilton et al. [22], Huber et al.
[21], Yuan et al. [50], Latta et al. [27] and Pidchenko [36]. Sorption
and reduction of Np(V) was investigated by Nakata et al. [33],
while Th(IV) sorption onto magnetite was reported by Rojo et al.
[40]. Powell et al. [37] studied the redox and sorption behaviour
of Pu in the presence of magnetite. According to these studies
tetravalent actinides sorb strongly at pH values around 4 5, while
penta and hexavalent radionuclides partially reduce to tetravalent
species depending on the Fe(II)/Fe(III) ratio at the mineral surface
[27]. A good summary of the sorption coefficients for Pu, Am, U,
Np and Tc onto Fe hydroxides and oxides was published by Li
and Kaplan [28]. Very little literature is available on europium as
a chemical analogue of americium and its respective sorption
behaviour on magnetite [7,29,45]. Kirsch et al. [26] investigated
Pu3+ interaction with magnetite and found strong sorption and for
mation of tridentate inner sphere surface complexes. None of
these data sets focuses on environments with high ionic strength
(I).

Highly saline solutions can occur at sites near rock salt forma
tions [6,13]. Brine solutions of high ionic strength up to 6.7 m for
NaCl [23] have been encountered in repository environments
directly located in rock salt formations (e.g. the WIPP site, US;
https://www.wipp.energy.gov/). Such conditions may affect RN
solubility and retention processes in the geochemical barriers. Fur
thermore, at high salt concentrations, the activity coefficients of
aqueous species undergo significant changes. While sorption and
reduction behaviour of uranium in the presence of magnetite
under reducing saline conditions has been reported by Grambow
et al. [15], the effect of ionic strength on trivalent radionuclides
sorption onto magnetite has not yet been investigated.

Electrostatic surface complexation modelling (SCM) is a power
ful tool that is commonly used to describe the sorption behaviour
of RNs on mineral surfaces. SCM is able to consider charges of
adsorbing species and adsorbent surfaces and, therefore, also ionic
strength effects [30]. Only few studies dealing with sorption of RNs
at high I coupled with SCM have been published. Schnurr et al. [43]
examined europium sorption onto clay minerals at nearly satu
rated saline solutions while Ams et al. [2] investigated neptunium
sorption onto bacteria under moderately saline conditions. In both
cases, a non electrostatic surface complexation model could satis
factorily describe the experimental data. Mahoney & Langmuir [31]
modelled previously published experimental data on strontium
adsorption to clay minerals and found that the combination of a
triple layer model with Pitzer activity coefficients resulted in worse
simulations than when applying activity coefficients calculated by

the Davies equation even at 4.0 M NaCl salt level. Most recently,
Garcia et al. [14] used a basic Stern model to describe the uptake
of europium on quartz up to high NaCl concentrations. This
appears to be the first time an electrostatic model has been cou
pled with a Pitzer approach to describe a self consistent set of
experimental data.

For cation sorption to pure oxides it is well known that surface
charge and surface electrostatics can play a significant role (e.g.
[30]). Therefore, the aim of the present study is to examine the
uptake of americium/ europium by magnetite under reducing con
ditions in background electrolyte NaCl solutions with various I up
to 6.67 m. An X ray absorption spectroscopy (XAS) study at the L3
edge for americium in contact with magnetite in background elec
trolytes with I of 1 m and 6.5 m NaCl is performed to provide the
molecular level information on Am surface speciation at different
pH and I to ultimately aid evaluating underlying mechanisms
and binding modes. At last, the data are modelled using a charge
distribution multi site triple layer surface complexation model
(CD MUSIC) starting from magnetite surface hydroxyl acid/base
parameters to obtain the complexation constants at infinite dilu
tion. To our knowledge no systematic sorption study, which exhi
bits the combination of uptake data, modelling and spectroscopic
studies of radionuclides onto iron corrosion products in nearly sat
urated salt solutions is presently available. The newly obtained
data will serve as input for performance assessment of radioactive
waste disposal under saline ground or porewater conditions.

2. Materials and methods

All reagents (except the RNs) were of analytical grade and used
without further purification. Ultrapure water (MilliQ system, 18.2
MX/cm) was used to prepare suspensions and electrolyte solu
tions. These were purged with Ar prior to storage in an Ar filled
glove box. The atmosphere in the anoxic glove box was CO2 free
with O2 content below 1 ppmv. All sorption experiments were
run in an Ar filled glove box at room temperature. Samples for
the XAS study were prepared and encapsulated under Ar and mea
surements were performed at room temperature under anoxic
conditions.

2.1. Magnetite characterization

Magnetite was synthesized following the procedure described
by Cornell and Schwertmann [8]. The solid phase was character
ized by X ray diffraction (XRD, D8 Advance from Bruker AXS, Cu
Ka radiation, Sol X detector), scanning electron microscopy (SEM,
Quanta 650 FEG, FEI), energy dispersive X ray spectroscopy analy
sis (EDX, Thermo Scientific NORAN System 7), and X ray photo
electron spectroscopy (XPS, VersaProbe II, ULVAC PHI, Al Ka
monochromatic X ray excitation). The specific surface area of the
same batch (40 g/L stock suspension) was previously determined
by Finck et al. [12] by the BET method to be 13.1 m2/g. XRD
(Fig. 1B) analysis was performed with the stock suspension and
compared to literature data (red colour), showing an excellent
match and the absence of additional crystalline phases. The SEM
picture in Fig. 1A shows clear octahedral morphology and size
range of 50 to 300 nm with average size of 100 nm, while EDX con
firmed an Fe/O ratio matching the magnetite ratio ¾. The exposed
octahedral face also hints at predominance of the (1 1 1) plane as
being relevant for sorption. XPS was used to obtain the Fe 2p spec
trum of the magnetite stock suspension and shows the presence of
both Fe(II) and Fe(III). The respective ratio of Fe(II)/Fe(tot.) was 0.25,
while in the ideal magnetite structure it should be 0.33. This result
may hint at a slight increase in Fe(III) within the first few nm



probed by XPS and originates from the long contact time between
magnetite and the traces of oxygen in Ar filled box. At last, prior to
the sorption experiments, it was crucial to identify the stability of
magnetite along the pH range to avoid mineral dissolution or phase
transformation. Plotting a Pourbaix diagram using the Geochemist
workbench (GWB) software (version 8.0) [4,5] showed low solubil
ity for magnetite under reducing conditions in neutral and alkaline
range. At pHm > 5.6 (25 ) magnetite solubility is relatively low. It is
unlikely to affect significantly the sorption experiments performed
within a period of 24 h.

2.2. Chemicals

NaCl (99.9% purity) for the background electrolyte prepara
tion, HCl, NaOH for pH adjustment, MES (2 (N morpholino)
ethanesulfonic acid) and MOPS (3 (N morpholino)
propanesulfonic acid) buffers were obtained from Merck. Radioac
tive europium was used for batch experiments as a chemical ana
logue to trivalent actinides. It allowed direct gamma
measurements and avoided dilution due to salt content, which
would be needed for high resolution (HR) ICP MS (Thermo Element
XR). The europium stock solution consisted of dissolved EuCl3 (Eck
ert & Ziegler) with a composition of > 95% 152Eu (t1/2 = 13.5 y),
3.76% 153Gd and 0.55% 154Eu, and had activity of 1 � 104 MBq/L.
Inactive europium used alongside active europium for experiments
with Eu concentration of 1.2� 10 5 mwas obtained from dissolved
Eu2O3. For the XAS study, an Am stock solution with isotopic com
position of 99.5% 243Am (t1/2 = 7370 y), 0.5% 241Am and an activity
of 1.11 � 104 MBq/L was used. The concentrations of Am and inac
tive Eu in the respective stock solutions were confirmed by HR ICP
MS.

2.3. Batch sorption experiments

Sorption studies were performed in batch type experiments.
Solid liquid distribution coefficients (KD values) for europium
were obtained as a function of pHm (range 5.6 8.2, step ~ 0.2) at
various salt levels for NaCl (I = 1 m, 3.5 m, 6.67 m) at constant solid
to liquid ratio (0.5 g/L) and fixed Eu concentrations (5.1 � 10 10

M ~ 6 � 10 10 m and 1 � 10 5 M ~ 1.2 � 10 5 m). The pHm range
is limited to 5.6 due to dissolution of magnetite in the acidic range,
and to 8.2 due to potential Eu(OH)3 precipitation at least in the

absence of a sorbent. MES and MOPS buffers (20 mM) were used
in all samples to avoid pH drifts.

The pH measurements were done with a Metrohm Solitrode pH
electrode with reference electrolyte 3 M KCl. The pH electrode was
calibrated using reference buffer solutions of pH 4, 7, and 10
(Radiometer Analytical). The pH was measured for 10 min to allow
stabilization and thus get an accurate result. In saline solutions,
I � 0.1 m, all the measured pHEXP values were corrected to molal
proton concentration log mH

+ by use of the A factor as follows:

log½mþ
H= mol=kgð Þ� pHEXP þ A ð1Þ

A is a correction term specific for a given electrolyte, is concen
tration dependent and is calculated from an empirical polynomial
for NaCl [1]:

ANaCl 0:0013� mNaClð Þ2 þ 0:1715� mNaClð Þ 0:0988 ð2Þ
where m is the molality of the background electrolyte. All men
tioned pH values refer to the molal concentration of protons
( log½mþ

H= mol=kgð Þ� = pHm).
After an equilibration period of 24 h, a given suspension was

ultracentrifuged (Beckman Coulter XL 90K) at 90,000 rpm
(~700,000 g) for 30 min. After phase separation, the concentration
of the radionuclide in the supernatant was quantified using a
gamma counter (Packard Cobra Auto Gamma 5003). The super
natant was also analysed by HR ICP MS to quantify the content
of dissolved Fe to conclude whether dissolution of magnetite had
occurred. The values of dissolved iron reached a maximum of 1%
of the initial Fe content at pHm 5.4, highlighting low dissolution
in the used pH range in agreement with the solubility study by
Missana et al. [32] and GWB modelling in this study.

Sorption data were evaluated as percentage adsorbed and in
terms of the logarithm of the distribution coefficient KD as a func
tion of pHm. The distribution coefficient was calculated via:

KD

�
L
kg

�
Ci Ce

Ce
� V
m

ð3Þ

here the Ci and Ce are the initial and equilibrium concentrations of
europium in the liquid phase and V/m is the ratio of the volume of
the solution and the mass of the solid in L/kg.

The sorption isotherm studies followed similar experimental
procedure, separation and measurement processes. In the latter,

Fig. 1. Scanning electron micrograph (SEM) (A) and X-ray diffractogram (XRD) (B) of the magnetite used in this study (stock suspension). XRD identified the solid phase as
magnetite by comparison with jcpds card # 75-0033 (red bars), no other phase is detected. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



the uptake of europium sorbed at magnetite surface (in mol/g) was
obtained for I = 1 m, 3.5 m, 6.67 m NaCl at constant solid to liquid
ratio (0.5 g/L) and Eu concentration ranging from 10 4 M to
5 � 10 10 M at pHm ~ 6 and ~ 7. The data was then plotted as a
function of Eu concentration in the liquid phase and is shown in
Supplementary Information.

2.4. X ray absorption spectroscopy sample preparation &
measurements

For the extended X ray absorption fine structure (EXAFS) mea
surements, four samples were examined at a fixed solid to liquid
ratio of 1 g magnetite /L at pHm values of 6.1 and 7.1 for I = 1 m,
as well as 6.3 and 7.2 for I = 6.5 m. The Am concentration was
9.5 � 10 6 m, with MES (20 mM) used to buffer the pH. After an
equilibration period of 24 h, the solid phase was transferred into
250 mL PE vials. Am L3 edge XAS spectra on the solid phase were
collected at the KIT synchrotron light source at the INE beamline
for actinide science [41]. Energy calibration was done using the
Zr K edge XANES of a Zr foil measured along with each sample
by assigning the first inflection point to 17998.0 eV. Measurements
were done in fluorescence detection mode at room temperature
using a 5 element low energy germanium solid state detector
(Canberra Eurisys). For each sample, 5 6 scans were recorded to
achieve adequate signal to noise ratio. The collected data were
analysed and modelled following standard procedures using
Athena (Demeter version 0.9.26) and Artemis (version 0.8.012)
interfaces of the Ifeffit software [39]. For the four samples of inter
est, the amplitude reduction factor (S02) was fixed during the fit to
the experimental data and set to the value obtained for the ameri
cium solution without solid phase used as reference. The coor
dination number (CN), interatomic distance (DR), energy shift
(DE0) and Debye Waller term (r2) were the fitting parameters
for each shell. The k2 and k3 weighted Fourier transformed spectra
were fitted in R space using a combination of single scattering
paths. The misfit between data and model is expressed by the fac
tor F representing the figure of the merit of the fit as defined by
Ravel [38].

2.5. Modelling

2.5.1. Speciation and solubility models
PhreeqC (version 3.4.0.12927) [35] was used to obtain the aqua

tic speciation of Eu/Am and to identify the potential formation of
precipitates. For activity corrections, the Harvie Moller Weare Pit
zer database [18] and the ThermoChimie database with SIT param
eters [16] was used while Neck et al. [34] and Guillaumont et al.
[17] provided equilibrium constants and Pitzer and SIT parameters
for Eu/Am species, respectively. Both SIT and Pitzer formalisms
were compared. The Pitzer (HMW) database does not consider
Cl complexation constants, while SIT reaches the threshold of
its validity range at I ~ 4 m.

2.5.2. CD MUSIC model
Surface complexation models have become widely used tools

when dealing with mineral surfaces and adsorption of solutes from
aqueous solutions. The complexity of the system and objective of
the study play an important role when choosing an appropriate
model. An electrostatic model was chosen, as it is assumed that
even under high ionic strength conditions the electrostatics at
metal oxide surfaces due to surface charging cannot be neglected.
The various available electrostatic models differ in the treatment of
surface charge or the number of planes and sites. Regarding the
sorption sites, the CD MUSIC approach, considering multiple sites
and charge distributions based on the triple layer model [9] was
adopted. This approach developed by Hiemstra & Riemsdijk [20]

treats surface complexes not as point charges located in one elec
trostatic plane but rather as having a spatial charge distribution in
the interfacial region over two electrostatic planes. The MUSIC
model is best suited to address the complex crystal structure of
magnetite, containing tetrahedral and octahedral configurations
alongside different site densities for different crystal faces, and to
predict the proton binding constants for the several terminal oxy
gen sites. Modelling was performed using a modified version of
FITEQL 2 [52] with the databases described above. The activity
coefficients were obtained from the Pitzer formalism only. In this
work, the titration of magnetite was done in solutions with ionic
strengths of 0.1 m and 1 m NaCl. A volume of 25 ml of stock sus
pension giving the exposed surface area of magnetite =14 m2

was manually titrated under argon atmosphere, by first adding
35 mL of 1 M NaOH to obtain alkaline conditions and then adding
100 mL of 0.01 M HCl every 2 min and recording the pH until pH
around 5 was achieved. It was preferential to start at alkaline con
ditions to avoid dissolution of magnetite in acidic pH region. The
relative charge was then calculated as a function of pHm. These
data were fitted with the constants and site densities from Vays
sières [51], who reported the number of possible surface species
along with formal charges and structural configuration for the
(1 1 1) face of magnetite. The capacitance values and binding con
stants for Cl and Na+ to variously coordinated sites were obtained
from the fit. The constants for Cl and Na+ binding to surface
hydroxyl groups were set equal to reduce the number of adjusta
bles. Two different terminations occur in the (1 1 1) plane: the oxy
gen atoms are either coordinated to iron atoms in octahedral sites
or to iron atoms in mixed octahedral and tetrahedral sites. In the
octahedral termination the oxygen atoms are doubly and triply
coordinated, i.e. two and three metal ions are coordinated to the
oxygen, while in the mixed tetrahedral and octahedral termination
they are doubly and singly coordinated. Table 1 summarizes the pK
values for each coordination.

The contributions from the two terminations were adjusted in
such a way that the experimental point of zero charge (pzc) was
retrieved. This was done for low ionic strength (1 mM) using a
purely diffuse layer model. After the final optimization, the capac
itance values and the binding constants within the triple layer
model were fixed and the solid amount was adjusted to the euro
pium sorption experiments (0.5 g/L). The model was further mod
ified to account for activity coefficients of europium species in
solution with respect to the changing ionic strength. Furthermore,
the dielectric constant of solvent (i.e. solutions) was estimated for
each ionic strength and used for the diffuse part of the triple layer
model. The model was run in various site configurations until a
good fit was achieved.

Table 1
pK values for each coordination in two terminations of magnetite taken from
Vayssières [51].

Octahedral termination

Coordination of
oxo/hydroxo
groups

Reaction pK Surface charge
calculated from
bond valence

Doubly Fe2 � O 1 16 þ Hþ�Fe2 � OH 0 16 16.4 �1.16

Doubly Fe2 � OH 0 16 þ Hþ�Fe2 � OH2
0 84 2.5 �0.16

Triply Fe3 � O 0 75 þ Hþ�Fe3 � OH0 25 7.6 �0.75

Mixed octahedral and tetrahedral termination

Doubly Fe2 � O 0 83 þ Hþ�Fe2 � OH0 17 9.3 �0.83

Doubly Fe2 � OH0 17 þ Hþ�Fe2 � OH2
1 17 �5.1 0.17

Singly Fe1 � O 1 25 þ Hþ�Fe1 � OH 0 25 17.5 �1.25

Singly Fe1 � OH 0 25 þ Hþ�Fe1 � OH2
0 75 3.6 �0.25



3. Results

3.1. Magnetite titration

The experimental procedure for magnetite titration is explained
alongside the model in Section 2.5.2. Fig. 2 shows the experimental
titration data for two ionic strengths, 0.1 m and 1 m NaCl in the
pHm range of 5.3 8.8 and the associated modelled charges. The
error bars for the surface charge are within the points. The point
of zero charge was found at pHm = 6.4. This is in agreement with
various published data summarized in a recent review by Vido
jkovic & Rakin [49]. The best model parameters are summarized
in Table 2, showing the two capacitance values as well as ion bind
ing constants (Na+, Cl ) to variously coordinated hydroxyl sites.
The ion binding constants for anions and cations on a given site
were set to identical values. The simplest model in terms of num
bers of adjustable parameters using equations in Table 1 was
obtained when enforcing identical intrinsic ion binding constants
for singly and triply coordinated sites and a separate value for
the doubly coordinated sites. The fitted value for the doubly coor
dinated sites is very low which indicates that ion binding on these
sites is rather weak. Overall, the procedure reduced the number of
ion binding constants from 8 to 2. The overall Stern capacitance
value of 1.32 F/m2 is within the range for overall capacitance for
metal (hydr)oxides reported by Hiemstra & Van Riemsdijk [19]
for non porous and well ordered planar crystal faces from 0.9 to
1.7 F/m2.

3.2. Batch sorption investigation

3.2.1. Europium and americium aqueous speciation and solubility
In order to assess the dominant species of europium/ americium

in the aqueous solution for modelling, speciation diagrams were
obtained with PhreeqC using the ThermoChimie database with
the SIT parameters [16] at various ionic strengths (1 m 6.67 m
NaCl) corresponding to those used in the sorption experiments
(Fig. 3). The same calculations were performed using the Pitzer for
malism and compared.

For the region of interest, pHm 5 8, the dominant species for
europium are Eu3+ and EuCl2+ according to the calculations. Their
proportions depend on the NaCl concentration. EuCl2+ becomes
dominant at I � 3.5 m. Beyond pHm 7.5 for I = 1 m and
I = 6.67 m, the fraction of chloride complexes start to drop and at

pHm � 8.5, Eu(OH)2+ and Eu(OH)2+ gain significance. Increasing
the Eu concentration to 1.2 � 10 5 m yields the same speciation
for all ionic strengths. Speciation diagrams were calculated for
americium following the same process.

The ionic strength effect on the aqueous speciation of Am differs
from that of Eu. The Am3+ aquo ion is dominant as a single species
up to pHm 7.0 for I = 1 m. At pHm 8.0, in addition to Am3+, Am(OH)2+

and Am(OH)2+ become significant. With increasing ionic strength
to I = 6.5 m, Am3+ dominates along with AmCl2+ up to pHm 7.2.
For pHm > 7.7, Am(OH)2+ and Am(OH)2+ increase as in the low I case.
Speciation curves calculated using the Pitzer formalism are similar
to those obtained by using SIT at low I = 1 m, however for I = 6.5 m,
Am3+ is the dominant species up to pHm 7.2, where Am(OH)2+

intensity reaches 30% and takes over. The reason is that parameters
for AmCl2+ / AmCl2+ species are missing for NaCl solution in the Pit
zer database. The dominant species in aqueous solution at pHm 6.4
where europium sorption becomes dominant are Eu3+ and EuCl2+.
Under those conditions, existing data sets suggest americium
existing solely as Am3+ aquo ion. The speciation curves for Eu at
I = 3.5m and Am for all I of interest are available in the Supplemen
tary Information.

An important aspect prior to starting experiments was to assess
the potential precipitation of any solid phase under the studied
conditions. This was established by plotting the saturation indices
of relevant solid phases as a function of pHm at various ionic
strengths for europium (Fig. 4). In the case of a Eu concentration
of 6 � 10 10 m, the precipitation of Eu(OH)3(cr) starts at pHm 9.5
for I = 1 m (Fig. 4 left), and at pHm 11.8 for I = 6.67 m (Fig. 4 right).
Crystalline phases are not expected to form under our experimen
tal conditions, but the saturation indices of these were considered
to be on the conservative site. Amorphous solid phases such as Eu
(OH)3(am), however, should not precipitate within the entire pHm

range investigated. Additional calculations were performed at Eu
concentration of 1.2 � 10 5 m where sorption studies were also
performed (Figures in Supplementary Information). According to
those calculations, precipitation of Eu(OH)3(cr) is expected to start
already at pHm = 7.4 for I = 1 m and Eu(OH)3(am) as well as EuCl
(OH)2(s) are predicted to precipitate at pHm > 8.0. When increasing
the ionic strength to I = 6.67m, the solution becomes oversaturated
with regard to Eu(OH)3(cr) at pHm > 8.0 and EuCl(OH)2(s) at
pHm > 8.2, respectively.

In the case of americium, the saturation index at I = 1 m at a
metal ion concentration of 9.5� 10 6 m at pHm 6.1 and 7.1 remains
below 0 and only becomes positive for Am(OH)3(cr) at pHm > 7.5
and thus no precipitation is expected to occur in samples prepared
for XAS measurements, where this Am concentration is used.
Increasing I to 6.5 m, Am(OH)3(cr) is expected to precipitate at
pHm > 8.4. Thus, I shifts the precipitation threshold to the alkaline
region on the pHm scale. For all solutions, NaCl is below saturation
and no precipitation of halite is taking place. Other solid phases
such as AmCl3, or Am2O3 were considered but did not come close

Fig. 2. The experimental and modelled charging behaviour of magnetite at two
ionic strengths set by NaCl. The lines correspond to the calculated charges using the
values summarized in Table 2.

Table 2
The CD-MUSIC model parameters for magnetite proton surface charge curves.

Capacitance 1 3.22 F/m2

Capacitance 2 2.25 F/m2

Overall Stern capacitance 1.32 F/m2

Constant for Cl and Na+ binding to doubly
coordinated hydroxyl sites, log Ka

�5.01 –

Constant for Cl and Na+ binding to singly/triply
coordinated hydroxyl sites, log Ke

2.45 –

Site densities used in optimization

Doubly coordinated octahedral termination 6.68 sites/nm2

Triply coordinated octahedral termination 2.23 sites/nm2

Singly coordinated mixed termination 1.48 sites/nm2

Doubly coordinated mixed termination 4.45 sites/nm2



to precipitation within the whole pHm range for all I. The saturation
indices of americium vs pHm are shown in the Supplementary
Information.

3.2.2. Sorption of europium as a function of pH
The pH dependent sorption of trivalent radionuclides (Eu) to

iron oxides exhibits, as expected, strong sorption above pHm 5.6
(Fig. 5 left). At low Eu concentration, 6 � 10 10 m, the increasing
salt content does not show any substantial effect and almost com
plete uptake (>99.5%) is observed for the investigated ionic
strength range for pHm � 6.4. The log KD values range from 4.9
to 7.0 (Fig. 5 right), with log KD values at pHm 6.4 of 6.7 ± 0.5 at
I = 1 m and 5.2 ± 0.5 at I = 6.67 m. Gamma counting yields only
small analytical uncertainties. Errors due to pipetting, resuspen
sion of solid particles after ultracentrifugation or wall sorption
effects dominate the uncertainty of sorption data. The uncertainty
of log KD values by all these errors is around ± 0.5, which is in
agreement with data provided by Schnurr et al. [43]. The grey area
in the figures illustrates the detection limit of the gamma counting
method and corresponds to 99.99% sorption. The log KD value cor
responding to this uptake is above 7.5.

Singh et al. [45] investigated the sorption of europium onto
magnetite for a Eu concentration of 2 � 10–9 M. They observed a
similar trend with almost complete sorption at pHm > 5.5

(I = 0.1 M). Those authors used magnetite with a higher specific
surface area in comparison to the magnetite used in this study.

Sorption data were recorded at a higher concentration of [Eu] =
1.2 � 10 5 m corresponding closely to the concentration of Am
chosen for XAS experiments. The sorption exhibited a pHm depen
dent behaviour. The uptake was low at pHm 5.6 and increased
rapidly within 2 pHm units, reaching almost complete sorption at
pHm ~ 8 (Fig. 6 left). At this Eu concentration, a small ionic strength
effect can be observed. The log KD in this case varies from 2.7 ± 0.2
at 20% sorption to 4.6 ± 0.2 at 95% sorption (Fig. 6 right). The
uncertainty regarding sorption was estimated in this case ± 4%,
i.e. ± 0.2 for log KD. These experimental data are in good agreement
with work of Catalette et al. [7], who performed europium sorption
onto magnetite at a Eu concentration of 2 � 10–4 M and observed
>99.99% uptake at pHm > 7.0 at I = 0.1 M.

3.3. Americium X ray absorption spectroscopy and coordination
geometry

EXAFS measurements allow exploring the in situ molecular
structure of surface species. In order to obtain the amplitude
reduction factor, reference Am3+ aquo ions were modelled, fitting
the data with one O coordination shell containing CNO1 = 9.0 atoms
(parameter was set) at a distance of R(Am O1) = 2.44 Å (Fig. 7,

Fig. 3. Aqueous speciation of europium vs pHm calculated using the SIT database. I = 1 m NaCl (left) and I = 6.67 m NaCl (right), [Eu] = 6 � 10 10 m.

Fig. 4. Saturation indices of europium solid phases vs pHm calculated using the SIT database. I = 1 m NaCl (left) and I = 6.67 m NaCl (right), [Eu] = 6 � 10 10 m.



Table 3), in agreement with literature data [46,10]. Samples con
taining magnetite showed, as expected, different EXAFS spectra at
R + DR > 2.5 Å in comparison to those of the aquo ion, highlighting
the presence of an ordered shell at higher distances, presumably
iron. However, the EXAFS spectra were very similar for all sorption
samples, suggesting a similar coordination environment at different
pHm and I. As observed for the calculated aqueous speciation, the
dominant aqueous species in sorption samples don0t vary signifi
cantly between pHm 6.1 and 7.2 as suggested by EXAFS for sorbed
americium. Experimental and modelled EXAFS data are shown in
Fig. 7, and the model parameters are summarized in Table 3.

There is one contribution in the Fourier transformed spectra for
aquo ions and two contributions for the sorption samples. The
refinement yields 9(1) oxygen atoms in the first coordination
sphere of Am for all samples, where O atoms are located at the dis
tance of 2.48 2.53 Å (Table 3). In order to obtain further informa
tion about the structure of Am species on magnetite, the fit was
extended to the Fourier transform peak beyond the oxygen coordi
nation sphere. The refinement of the second shell in the FT data at
R + DR = 3.35 Å yields an Am Fe interaction where the peak was
fitted with 3(1) Fe atoms at a distance of 3.49 3.54 Å. This implies

that an Am atom is linked via three oxygen atoms to three edge
sharing FeO6 octahedra, as shown in Fig. 8,with six remaining oxy
gen atoms in the liquid phase. This is in agreement with the work
of Kirsch et al. [26], who examined Pu3+ sorption onto magnetite at
low I = 0.1 M NaCl and with the data reported by Finck et al.
[11,12], who examined Am sorption onto magnetite at low I
(0.1 M NaCl). The latter authors observed the formation of the
same monomeric tridentate inner sphere surface complex high
lighting the similarity of the Am surface species structure for data
obtained at low and high I, which confirms the negligible effect of I
on the structure of surface complexes. No neighbouring Am atoms
were detected, excluding the presence of precipitates at the sur
face. The absence of precipitates is consistent with PhreeqC precip
itation calculations. Adding a Cl coordination shell which might be
expected as a consequence of Am chloro complex formation at
high Cl concentration did not improve the fit. Thus, the presence
of the chloride complex at the magnetite surface was considered
insignificant under our experimental conditions.

Different literature data suggest that if americium would be
present during the formation of magnetite from Fe(0), it might
substitute for iron in early stages and once the magnetite phase

Fig. 5. Data for europium [Eu] = 6 � 10 10 m sorption to magnetite as percentage uptake (left) and as logarithm of the distribution ratio (log KD) (right) as a function of pHm

and at different ionic strengths (NaCl).

Fig. 6. Data for europium [Eu] = 1.2 � 10 5 m sorption to magnetite as percentage uptake (left) and as logarithm of distribution ratio (log KD) (right) as a function of pHm and
at different ionic strengths of NaCl.



is formed, it would be localized within its structure [11]. A compar
ison of our data with reported EXAFS data for structurally incorpo
rated americium exclude such retention mechanism in the present
study.

3.4. Americium CD MUSIC triple layer model

The developed surface complexation model is based on the
aquatic speciation of europium/ americium as presented in Sec
tion 3.2.1, the magnetite surface structural model (Tables 1 and
2) and the EXAFS characterization of the surface complex structure
obtained for americium. Substituting europium with americium
does not have an effect on the model. The surface of the Fe3O4

(1 1 1) plane was optimized with either mixed octahedral and
tetrahedral termination or only octahedral termination to compare
the two terminations as explained in Sections 2.5.2 and 3.1. The
spectroscopic results show that the binding mode is tridentate
and hence this was included in the model.

The charge distribution in the americium surface complex coor
dinated by nine oxygen atoms in the model was formulated such
that three oxygen bonds would go to the surface and the remaining
six were split such that three would be placed in the b plane and
three equally divided between the 0 and the b plane to best repre
sent the positioning of americium. This assumption is in agreement
with the EXAFS data.

The model provided a very poor fit when using only singly coor
dinated sites, which was surprising as titration experiments
showed these as the dominant sites for proton adsorption. The fit
was improving as the distribution of the sites in the model was
moving more towards doubly coordinated sites with the best fit
if only doubly coordinated sites were used. The doubly coordinated
site fit was good for both terminating hydroxyl groups. The spec
troscopic data suggest that the binding occurs at the octahedral
termination. The result of fitting sorption data by assuming this
surface species as relevant is shown in Fig. 9. This configuration
matches well with the structure of the octahedral termination

Fig. 7. Experimental (black solid line) and modelled (red dashed line) EXAFS spectra in k space (left) and Fourier transforms (right) of the Am3+ aquo ions and sorption
samples. Fit results are presented in Table 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Best-fit EXAFS Model Parameters for americium sorbed onto magnetite and the reference compound (Am3+ in solution).

Sample FT range [Å 1] Fit range in R space [Å] Path CN R
[Å]

r 2

[Å2]
DE0
[eV]

Factor F

Am3+ Aquo Ions 3.2–10.3 1.7–2.6 Am-O1 9.0 2.44 0.008 1.2(1.4) 0.0021
Am-Magnetite,

pHm 6.1, I = 1 m
3.2–8.2 1.5–3.5 Am-O1 8.9(6) 2.51 0.011 1.8(1.3) 0.0013

Am-Fe1 3.1(5) 3.53 0.006
Am-Magnetite,

pHm 7.1, I = 1 m
3.2–7.8 1.3–3.45 Am-O1 9.9(7) 2.48 0.016 0.1(1.1) 0.0019

Am-Fe1 3(2) 3.49 0.006
Am-Magnetite,

pHm 6.3, I 6.5 m
3.3–8.0 1.35–3.3 Am-O1 9.6(9) 2.53 0.013 2.5(2.1) 0.0018

Am-Fe1 2.5(9) 3.54 0.008
Am-Magnetite,

pHm 7.2, I = 6.5 m
3.2–7.7 1.3–3.3 Am-O1 9.9(6) 2.49 0.015 1.9(0.5) 0.0019

Am-Fe1 2.9(6) 3.54 0.007

FT: Fourier Transform range, CN: Coordination number, R: Interatomic distance, r 2: Debye – Waller factor, DE0: Shift in ionization energy where E0 is the energy at the
maxima of the first derivative, F factor: figure of merit of the fit representing the absolute misfit between the data and the model. Amplitude reduction factor S02 = 0.87 for all
samples. Estimated error for R = ±0.03 Å and for r2 = ±0.001 Å2. The numbers in parentheses indicate the uncertainty.



given by Vayssières [51] allowing Am to be located close to three
Fe atoms with the same distances and three available O atoms,
likewise at the same distances, which is not the case for the mixed
termination. The model inherent surface complexes with the asso
ciated charge transfers in 0 and b planes are shown below with the
complexation constants at infinite dilution summarized in Table 4:

S0 : Fe2 OH 0:16
� �

3
þ Am3þ� Fe2 OH 0:16

� �
3
Am3þ

n o
; log K0

Transfer of charge: Dz0 = 1.5, Dzb = 1.5.

S1 : Fe2 OH 0:16
� �

3

þ Am3þ� Fe2 OH 0:16
� �

2
ðFe2 O 1:16ÞAm3þ

n o
þ Hþ; log K1

Dz0 = 0.5, Dzb = 1.5.

S2 : Fe2 OH 0:16
� �

3
þ Am3þ

þ H2O� Fe2 OH 0:16
� �

2
Fe2 O 1:16

� �
AmðOHÞ2þ

n o

þ 2Hþ; log K2

Dz0 = 0.5, Dzb = 0.5.
Although the aquatic speciation of europium and americium

contains significant contributions of AmCl2+/EuCl2+ species, these
seem to be limited to the aqueous solution and do not contribute
in significant manner to the surface complexation. The model
was fitting well without the introduction of the Am Cl surface

complex Fe2 OH 0:16
� �

3
AmCl

n o
. The log of the formation con

stant of species S1 subtracted from species S2 is 7.7. This value
is close to log K for americium hydrolysis in solution ( 7.2), show
ing that obtained values are realistic.

The model is able to describe experimental sorption data
obtained at different Eu concentration and ionic strengths and as
well the respective pHm dependent trend of sorption (Fig. 9). The
model fit for sorption isotherm data is shown in the Supplemen
tary Information.

Fig. 9 also shows the distribution of the different surface com
plexes as a function of pHm for [Eu] = 1.2 � 10 5 m, where S0 cor

responds to the Fe2 OH 0:16
� �

3
Am3þ

n o
complex, S1 to the

Fe2 OH 0:16
� �

2
ðFe2 O 1:16ÞAm3þ

n o
complex, and S2 to the

Fe2 OH 0:16
� �

2
Fe2 O 1:16

� �
AmðOHÞ2þ

n o
complex. The dashed

red lines correspond to surface complex distributions for I = 1 m,
while the dashed blue lines correspond to surface complex distri
butions for I = 6.67 m. Considering I = 1 m, S0 prevails at low
pHm only up pHm 5.8, S1 exists within the entire studied pHm range
and the hydrolysed S2 is dominant at high pHm. Increasing the ionic
strength to 6.67m, the distribution trend is the same, but the dom
inance of each complex is shifted to higher pHm, with S0 being
dominant up to pHm 6.6, and S1 up to pHm 7.8. For the clarity,
the distribution was not plotted for low europium concentrations
of 6 � 10 10 m. In this case the distribution was different with

Fig. 8. Sorption complex of Am3+ on the edge sharing octahedral (1 1 1) plane of
magnetite.

Fig. 9. Sorption of [Eu] = 6 � 10 10 m (left) and 1.2 � 10 5 m (right) onto magnetite vs pHm. Experimental uptake (points) modelled (full lines) using surface complexation
model in FITEQL with PITZER database for various ionic strengths (NaCl). The dashed lines represent the complex distribution for the three complexes for I = 1 m (red) and
I = 6.67 m (blue), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
The complexation constants at infinite
dilution.

logK0 6.9 ± 0.1
logK1 0.2 ± 0.1
logK2 �7.5 ± 0.1



complex S0 dominating in the whole pHm range for I = 1 m and up
to pHm 7.7 for I = 6.67 m. The reason for different ionic strength
effects for the two various Eu concentrations is the interplay of
competition for sites and ionic strength effect on activities in solu
tion. With higher ionic strength the electrolyte interacts with sur
face sites thus competes with Eu and at higher Eu concentration,
this effect is notable. With low Eu concentration, this role of com
petition is minor. It is worth noting that even at high Eu concentra
tions only about 59% of the surface sites are occupied. This reflects
the high sorption capacity of magnetite, rendering the corrosion
phase a candidate for strong radionuclide retention in a nuclear
waste repository near field.

4. Conclusions and environmental implications

In this paper, europium/americium binding to magnetite is con
sistently studied and quantified by batch sorption techniques,
spectroscopic characterisation of surface complex structures and
surface complexation modelling. The data have resulted in a num
ber of observations, with high relevance concerning the adsorption
of trivalent radionuclides on magnetite from aqueous solution up
to high salt concentrations. The major outcomes can be summa
rized as follows:

The pHm dependent europium sorption is not significantly
affected by salinity. Increasing the ionic strength from 1 m to
6.67 m did not result in significant changes in uptake for europium
concentration of 6 � 10 10 m. A slight decrease in uptake with
increasing ionic strength was observed for europium concentration
of 1.2 � 10 5 m.

Even at high salinity, EXAFS indicates that surface speciation
does not change and no ternary Am Cl surface complex is present
in significant quantities. The studies further demonstrate triden
tate binding mode of trivalent radionuclides at the Fe3O4 (1 1 1)
surface.

Potentiometric titration data of magnetite and experimentally
obtained europium uptake can be modelled consistently using a
CD MUSIC triple layer model for different metal ion concentrations
and ionic strengths up to those in saturated NaCl brines. This
model provided complexation constants for three surface com
plexes, considering sorption of Am3+/Eu3+ at the octahedral termi
nation of magnetite on doubly coordinated sites. The data from the
titration modelling can be used to model sorption of higher valent
actinides as well as other pollutants in solutions up to high ionic
strength. The CD MUSIC model allows including more realistic
parameters and in depth understanding of the sorption of trivalent
radionuclides onto magnetite surface compared to available litera
ture, especially at different levels of ionic strength [7,29,45,26].

It is clearly shown that for the conditions, which are relevant for
a nuclear waste repository in saline systems [25], magnetite as the
major corrosion product can severely limit the mobility of trivalent
actinides and lanthanides in the absence of additional complexing
agents such as carbonates. High salinity does not influence this
sorption behaviour. This finding shows that many parameters
regarding sorption obtained at low ionic strength can be applied
in performance assessment also for cases in highly saline condi
tions. Investigations of radionuclide sorption in solutions of more
complex composition as e.g. the presence of carbonate are still
needed to verify the potential role of magnetite for radionuclide
immobilisation in a repository near field.
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