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Competitive sequestration of Ni(II) and Eu(III) on montmorillonite: role
of molar Ni:Eu ratios and coexisting oxalate
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Abstract
The competitive binding trends of Ni(II) and Eu(III) on montmorillonite in the absence/presence of Na-oxalate are explored by
using batch sorption/desorption technique, speciation modeling, and X-ray diffraction (XRD) analysis. With a series of molar
Ni:Eu ratios (i.e., 1:1, 5:1, 10:1, 1:5, and 1:10), the coexisting Ni(II) did not affect the sequestration behaviors and immobilization
mechanisms of Eu(III). In contrast, the presence of Eu(III) obviously suppressed the sorption percentages of Ni(II) in the acidic
pH range. Even though no obvious influence of Eu(III) on the macroscopic binding trends of Ni(II) was observed under alkaline
conditions, the fraction of Ni(II) adsorbed by the inner-sphere complexation mechanism decreased and that of Ni(II) precipitation
increased with rising molar Ni:Eu ratio. The coexisting Na-oxalate did not influence Eu(III) sorption, while inhibited the sorption
of Ni(II). The XRD analysis indicated the potential formation of two Eu-oxalate precipitate phases (i.e., Eu2(C2O4)3·xH2O(s)-1
and Eu2(C2O4)3·xH2O(s)-2) at different pH values (4.0 and 6.5) and Na-oxalate concentrations (ranging from 0.5 to 5.0 mM).
Interestingly, the Eu2(C2O4)3·xH2O(s)-2 phase would be transformed into the Eu2(C2O4)3·xH2O(s)-1 solid with the increase of
Na-oxalate concentration. The research findings could provide essential data for evaluating the fate of coexistent Eu(III) and
Ni(II) in the complicated aquatic environment.
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Introduction

The contamination of environmental systems by radionuclides
with high and long-term radioactivity has received worldwide
concern. 63Ni(II) (T1/2 = 96 a) is an activation product of
steam-generating heavy water reactors (Steeb et al. 2009).
152+154Eu(III) is usually used as a neutron absorber for the
control rods of the nuclear reactors (Xu et al. 2016).
Numerous studies have proven that the coexistence of two
metal elements induces a synergistic toxicity effect on aquatic
organisms (Svecevicius et al. 2012; Pujol et al. 2013).
Therefore, it is significant to have a clear understanding on
the sorption behaviors and environmental fate of Ni(II) and
Eu(III) in each other’s presence.

A series of studies have been performed to investigate the
competitive immobilization mechanisms of coexisting metal
ions on natural minerals (Bradbury and Baeyens 2005;
Antoniadis and Tsadilas 2007; Sheikhhosseini et al. 2013;
Yang et al. 2015). For instance, Bradbury and Baeyens
(2005) explored the sorption trends of Co(II), Ni(II), Zn(II),

Responsible editor: Angeles Blanco

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-3252-z) contains supplementary
material, which is available to authorized users.

* Shitong Yang
shitongyang-dmn@outlook.com

* Guoxun Ji
ji_guoxun@sina.com

* Shuao Wang
shuaowang@suda.edu.cn

1 State Key Laboratory of Radiation Medicine and Protection, School
for Radiological and interdisciplinary Sciences (RAD-X) and
Collaborative Innovation Center of Radiation Medicine of Jiangsu
Higher Education Institutions, Soochow University, Suzhou 215123,
People’s Republic of China

2 Department of Earth and Planetary Science, Graduate School of
Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

3 School of Environment and Chemical Engineering, North China
Electric Power University, Beijing 102206, People’s Republic of
China

4 Xi’an Research Institute of Hi-Technology, Hong Qing Town,
Xi’an 710025, People’s Republic of China

Environmental Science and Pollution Research (2018) 25:32617–32630
https://doi.org/10.1007/s11356-018-3252-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-3252-z&domain=pdf
http://orcid.org/0000-0002-3083-5485
https://doi.org/10.1007/s11356-018-3252-z
mailto:shitongyang-dmn@outlook.com
mailto:ji_guoxun@sina.com
mailto:shuaowang@suda.edu.cn


Eu(III), Nd(III), Am(III), Th(IV), and U(VI) on montmoril-
lonite under various combinations and concentrations of these
metals. Interestingly, the competitive sorption behaviors only
occurred between the metal ions with similar chemical prop-
erties (i.e., valence state, hydrolysis behavior, etc.), while the
metal ions with diverse properties did not compete with one
another. However, another study regarding the competitive
sorption of Cu(II) (8.0 × 10−5~1.2 × 10−3 mol/L) and Eu(III)
(1.0 × 10−4~1.2 × 10−3 mol/L) on titanium dioxide mineral
showed a relative binding affinity of Eu(III) > Cu(II) via the
cation exchange mechanism (Konstantinou and Pashalidis
2008). Keeping in mind that no compatible conclusion can
be obtained from the previous literatures, the competitive se-
questration mechanisms of Ni(II) and Eu(III) at the mineral/
water interfaces should be further explored at different con-
centrations and molar ratios.

Oxalate, a widespread organic substance in the soil and
aquatic systems, can alter the surface properties of minerals
and the physicochemical behaviors of radionuclides via the
dissolution, complexation, and/or precipitation reactions.
Previous studies showed that oxalate strongly decreased
Ni(II) sorption on hydrous silica and montmorillonite
(Pathak and Choppin 2006; Marcussen et al. 2009), while
synergistically enhanced the sorption of Eu(III) on hydrous
silica (Pathak and Choppin 2007). More specifically, Guo
et al. (2015) proposed that the effects of oxalate on Eu(III)
sorption by Na-bentonite were closely related with the molar
ligand/Eu ratios. However, Verma et al. (2014) found that the
sorption of Eu(III) on bentonite was not affected by the
coexisting oxalate. In summary, the foregoing studies focused
on the role of oxalate on the sorption behaviors of individual
Ni(II) or Eu(III). However, considering the heterogeneity and
complication of the real environment, more research work is
needed to further explore the effects of oxalate on the migra-
tion and transformation trends of coexisting Ni(II) and Eu(III)
in the binary-metal systems.

In the present study, the competitive sequestration behav-
iors of Ni(II) and Eu(III) on a montmorillonite mineral were
explored under various molar Ni:Eu ratios (i.e., multiple com-
binations of Ni(II) and Eu(III) concentrations), solution pH
values, Na-oxalate concentrations, and contact time. Based
on the experimental findings, a detailed analysis was per-
formed to deduce the main factors that determine the relative
sorption affinity of Ni(II) and Eu(III) on montmorillonite.

Materials and methods

Chemicals and materials

Ni(NO3)2·6H2O and Eu(NO3)3·6H2O in analytical pure were
purchased from ENERGY CHEMICAL Co., Ltd. The stock
solutions of Ni(II) and Eu(III) were prepared by dissolving

Ni(NO3)2·6H2O and Eu(NO3)3·6H2O into the Milli-Q water,
respectively. Montmorillonite mineral, sodium oxalate (Na-
oxalate), and disodium ethylenediamine tetraacetate (2Na-
EDTA) were obtained from Sinopharm Chemical Reagent
Co., Ltd.

Characterization

The FTIR spectrum within 4000 to 400 cm−1 was obtained
with a Thermo Nicolet 6700 spectrometer via the KBr pellet
method. The XRD pattern of the montmorillonite sample was
collected on a Bruker D8 Advance diffractometer with Cu-Kα
(λ = 1.54056 Å) radiation. The zeta potentials and particle size
were measured by a Malvern Zetasizer (632.8 nm, He-Ne
laser). The specific surface area was determined from the N2

adsorpt ion/desorpt ion iso therms measured on a
Quantachrome Autosorb gas sorption analyzer IQ2 at 77 K.

Macroscopic sorption and desorption experiments

The batch experiments of Ni(II) and Eu(III) sorption in the
single- and binary-solute systems with various molar Ni:Eu
ratios and Na-oxalate concentrations were performed under
ambient conditions (see the details in the Supporting
Information (denoted as SI in the following text)). In brief,
the montmorillonite suspension, NaNO3 electrolyte solution,
Na-oxalate, and Ni(II) and/or Eu(II) stock solutions were
added to a series of 10-mL Teflon centrifuge tubes. The pH
values were carefully adjusted by adding tiny HNO3 and/or
NaOH solutions. The preliminary kinetics experiment indicat-
ed that the sorption of Ni(II) and Eu(III) on montmorillonite
could reach equilibrium within a short contact time of 30 min
(see Figure S1 in the Supporting Information (denoted as SI in
the following text)). In view of this, the suspensions were
gently shaken for 24 h to ensure complete equilibrium.
Afterwards, the suspensions were centrifuged at 9000 rpm
for 10 min and the supernatants were filtrated with 0.45-μm
polypropylene membrane. The Ni(II) and/or Eu(III) concen-
trations in the filtrates were measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (Thermo,
iCAP-7000). The sorption percentages of Ni(II) and Eu(III)
(sorption% = (C0-Ce)/C0 × 100%) were calculated from their
initial (C0, mol/L) and equilibrium (Ce, mol/L) concentrations.

Desorption experiments by using CH3COONH4 and 2Na-
EDTA as the eluents were further carried out to identify the
contribution of ion exchange, inner-sphere surface complexa-
tion, and precipitation to total Ni(II) and/or Eu(III) adsorption
under various conditions. The proportions of Ni(II) and/or
Eu(III) retained by different mechanisms were expressed rel-
ative to their adsorption percentages (more detailed informa-
tion of the desorption experiments is described in the SI).
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XRD analyses

The XRD characterization would help verify the phase trans-
formation of minerals and the potential formation of new
metal-bearing precipitates. Herein, the Ni- and Eu(III)-loaded
samples were prepared by using the same procedures as the
above sorption experiments (BMacroscopic sorption and de-
sorption experiments^ section). Particularly, the reaction vol-
umes were expanded to 250mL so as to confirm the collection
of enough samples. The wet pastes collected after centrifuga-
tion were dried in a vacuum oven and then grinded to powder.
Afterwards, the powder samples were collected and analyzed
by XRD.

Results and discussion

Characterization

Figure 1 shows the functional groups, mineralogy, surface
potentials, and particle size of the purchased montmorillonite
sample. Specifically for the FTIR spectrum (Fig. 1a), the peak
at 3623 cm−1 is attributed to the stretching vibration of

hydroxyl (–OH) groups that coordinated to the octahedral cat-
ions. The band at 1635 cm−1 originates from the bending
vibration of –OH groups in H2O molecules (Tyagi et al.
2006). The peaks at 1010 cm−1 and 523 cm−1 represent the
stretching and bending vibrations of Si–O bond, respectively
(Tyagi et al. 2006; Paluszkiewicz et al. 2011). The weak ab-
sorption bands at 916 and 839 cm−1 are assigned to the bend-
ing vibrations of AlAlOH and AlMgOH, respectively
(Madejová et al. 1999; Jóna et al. 2007; Paluszkiewicz et al.
2008; Paluszkiewicz et al. 2011). The peak at 467 cm−1 is due
to the deformation vibration of Si–O–Si bond (Jóna et al.
2007). The XRD pattern (Fig. 1b) is consistent with the Ca-
montmorillonite phase (marked by M, JCPDS card no. 13-
0135) (Chen et al. 2017). The appearance of a characteristic
(001) diffraction plane at two theta degrees of 5.87° corre-
sponds to a basal spacing of 15.04 Å (Hu et al. 2018). The
other diffraction peaks correspond to the quartz impurity
(marked by Q) in the montmorillonite mineral. As shown in
Fig. 1c, the montmorillonite surfaces would be negatively
charged (i.e., negative zeta potential) at pH > 2.0. The particle
size of montmorillonite distributes in the range of 200–
400 nm (Fig. 1d). The specific surface area was measured to
be 70.8 m2/g by using the N2-BET method.

Fig. 1 FTIR spectrum (a), XRD pattern (b), zeta potential (c), and particle size distribution (d) of the montmorillonite sample
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Macroscopic sorption data in the absence
of Na-oxalate

Effect of solution pH value and initial metal concentration

Figure 2 shows the pH-dependent sorption trends of Eu(III)
and Ni(II) in the single- and binary-solute systems with a
molar Ni:Eu ratio of 1:1. For the single-solute system with
an initial Eu(III) concentration of 5.0 × 10−4 mol/L, the sorp-
tion percentage increases from ~ 50 to ~ 100% as the pH value
rises from 2.0 to 7.5 (see Fig. 2a). Afterwards, the sorption
percent maintains at ~ 100% at alkaline pH level, which can
be potentially attributed to the formation of hydroxide and/or
carbonate precipitates as well as surface complexes (Rabung
et al. 2005; Fan et al. 2009; Tan et al. 2009; Yang et al. 2014;
Cai et al. 2015). Specifically, the sorption percentage of
Eu(III) decreases with the increase of its initial concentration
within the low pH range (Fig. 2a–c). This result can be
interpreted by considering the initial concentration of Eu(III)
and the active sites of montmorillonite. At lower Eu(III) con-
centration, the active sites of montmorillonite are abundant for
its binding, and therefore the sorption percentage is high.With
the increase of initial Eu(III) concentration, the aqueous
Eu(III) species would compete for binding on the finite mont-
morillonite sites, which would result in the decrease of total
Eu(III) sorption percentage. As shown in Fig. 2a–c, the sorp-
tion curves of Eu(III) in the binary-solute systems overlap well
with those in the single-solute systems. This phenomenon
suggests the weak competition of coexisting Ni(II) on
Eu(III) sorption.

As shown in Fig. 2d, the sorption percentage of Ni(II) in
the single-solute system with an initial concentration of 5.0 ×
10−4 mol/L gradually rises from ~ 20 to ~40% with pH value
increasing from 2.0 to 7.5, then sharply increases to ~ 100% as
the pH value reaches 9.0. Previous surface complexation
modeling, XRD, and extended X-ray absorption fine structure
(EXAFS) analyses indicated that Ni(II) was retained by mont-
morillonite via the cation exchange reaction at low pH values,
resulting in the formation of outer-sphere surface complexes.
At neutral and alkalescent pH values, Ni(II) tended to form
inner-sphere complexes by directly binding on the surface
≡AlOH and ≡SiOH sites. In contrast, Ni(II) would form the
Ni-Al-layered double hydroxides (abbreviated to LDH), the
Ni phyllosilicate, and/or the Ni(OH)2(s) precipitates at high
alkaline pH values (Livi et al. 2009; Peltier et al. 2010; Yang
et al. 2011, 2015). While in the binary-solute system
(CNi(II)initial =CEu(III)initial = 5.0 × 10−4 mol/L, molar Ni:Eu =
1:1), the sorption of Ni(II) is significantly reduced by the
coexisting Eu(III) at pH < 7.5 (Fig. 2d). Similarly, the sorption
of Ni(II) for the other two concentrations (herein, 5.0 × 10−5

and 5.0 × 10−6 mol/L) is also inhibited in the presence of equi-
molar Eu(III) (Fig. 2e, f). The results herein suggest that the
sorption affinity of montmorillonite for Ni(II) is lower than

that for Eu(III). This conclusion is further supported by the
experimental phenomenon that the sorption curves of Ni(II)
are much lower than those of Eu(III) under the same concen-
trations (Fig. 2d vs. a, e vs. b, and f vs. c).

Effect of molar Ni:Eu ratios

To further verify the sorption affinities of Eu(III) and Ni(II) on
montmorillonite, additional experiments for the binary-solute
systems were performed at different molar Ni:Eu ratios and
the results are shown in Figs. 3 and 4. Meanwhile, the sorption
curves of Eu(III) or Ni(II) in the corresponding single-solute
systems are also illustrated for comparison. One can see from
Fig. 3a that the coexisting Ni(II) with an initial concentration of
5.0 × 10−4 mol/L has no distinct influence on the sorption of
Eu(III) at equal (CEu(III)initial = 5.0 × 10

−4 mol/L, molar Ni:Eu
ratio = 1:1) or even lower (CEu(III)initial = 1.0 × 10

−4 mol/L, molar
Ni:Eu ratio = 5:1 and CEu(III)initial = 5.0 × 10−5 mol/L, molar
Ni:Eu ratio = 10:1) concentrations. In contrast, the presence of
Eu(III) obviously reduces the sorption of Ni(II) at pH < 7.5 (Fig.
3b). More specifically, the competitive effect of Eu(III) gradu-
ally degrades with the increase of molar Ni:Eu ratio from 1:1 to
10:1 (i.e., the decrease of initial Eu(III) concentration from 5.0 ×
10−4 to 5.0 × 10−5 mol/L). Similar results can be observed for
the competitive sorption trends of Eu(III) and Ni(II) with molar
Ni:Eu ratios of 1:1, 1:5, and 1:10 (Fig. 4). Interestingly, an
enhanced inhibitory effect of Eu(III) on Ni(II) sorption
(CNi(II)initial = 5.0 × 10

−5 mol/L) is observed with the decrease
of molar Ni:Eu ratio from 1:1 (CEu(III)initial = 5.0 × 10

−5 mol/L)
to 1:5 (CEu(III)initial = 2.5 × 10−4 mol/L), while the coexisting
Eu(III) shows no further competitive effect as the molar Ni:Eu
ratio reaches to 1:10 (CEu(III)initial = 5.0 × 10

−4 mol/L) (Fig. 4b).
This phenomenon indicates that the competitive sorption trends
of Eu(III) and Ni(II) are greatly dependent on their initial con-
centration (or the molar Ni:Eu ratios) in solution. According to
the experimental data herein, one can infer that Eu(III) and
Ni(II) tend to bind on the same type of montmorillonite sites
with an affinity order of Eu(III) > Ni(II). In the binary-solute
systems, the active sites of montmorillonite would be preferen-
tially occupied by Eu(III). As a result, fewer sites are available
for binding Ni(II). The specific factors that account for this
competitive sorption sequence would be analyzed and summa-
rized in the later part of the text.

Desorption results

Figure 5 shows the relative contribution of ion exchange, sur-
face complexation, and precipitation to the immobilization of
Ni(II) and Eu(III) by montmorillonite. These data are summa-
rized from the desorption experiments. For all the single- and
binary-solute systems at an acidic pH of 4.0, Eu(III) is pre-
dominately adsorbed via inner-sphere surface complexation
with an extremely low contribution of ion exchange/outer-
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sphere complexation (Fig. 5a). At an alkaline pH value of 8.0,
surface complexation remains the primary retention mecha-
nism for most of the cases with lower Eu(III) concentrations
(Fig. 5b). However, precipitation becomes an important

driving force for Eu(III) immobilization at higher concentra-
tions of 2.5 × 10−4 (binary-solute system with molar Ni:Eu =
1:5) and 5.0 × 10−4 mol/L (single-solute and binary-solute
system with molar Ni:Eu = 1:10). More than 50% of Eu(III)

Fig. 2 pH-dependent sorption trends of Eu(III) and Ni(II) in the single-
and binary-solute systems at molar Ni/Eu ratio of 1:1 (CEu(III)initial =
CNi(II)initial = 5.0 × 10−4 mol/L for a and d, CEu(III)initial = CNi(II)initial =

5.0 × 10−5 mol/L for b and e, CEu(III)initial = CNi(II)initial = 5.0 ×
10−6 mol/L for c and f). T = 298 K, m/V = 0.5 g/L, I = 0.01 mol/L NaNO3

Environ Sci Pollut Res (2018) 25:32617–32630 32621



is retained by forming insoluble precipitates. As shown in Fig.
5b, the relative contribution of inner-sphere surface complex-
ation and precipitation to total Eu(III) adsorption in the binary-
solute system with a molar Ni:Eu ratio of 1:10 (CNi(II)initial =
5.0 × 10−5 mol/L, CEu(III)initial = 5.0 × 10−4 mol/L) is compara-
ble to that in the corresponding single-solute system with the
same Eu(III) concentration. Similar phenomena can be also
observed for the other systems with various Ni:Eu ratios.

As shown in Fig. 5c, Ni(II) is adsorbed via both ion exchange
and inner-sphere surface complexation at an acidic pH value of
4.0. In the binary-solute systems with various Ni:Eu ratios, the
coexisting Eu(III) reduces the proportion of Ni(II) adsorbed by
surface complexation, while scarcely influences the fraction of
Ni(II) retained by ion exchange. Herein, the montmorillonite
mineral used in this study shows a higher affinity towards
Eu(III) than Ni(II). Under such circumstances, Eu(III) preferen-
tially occupies the active sites on montmorillonite surfaces and
correspondingly inhibits the binding of Ni(II). When comparing

Fig. 5d with Fig. 5c, one can clearly find that the proportion of
Ni(II) inner-sphere surface complexation increases as the solu-
tion pH value rises from 4.0 to 8.0. In addition, a portion of
Ni(II) is also immobilized via the formation of insoluble precip-
itates at an alkaline pH value of 8.0, the amounts of which
depend on the initial Ni(II) concentration and molar Ni:Eu ratio.
Specifically for an initial Ni(II) concentration of 5.0 ×
10−4 mol/L, the relative proportion of precipitation shows an
apparently decreasing trend with the increase of molar Ni:Eu
ratio from 1:1 to 5:1 and 10:1 (i.e., CEu(III)initial decreases from
5.0 × 10−4 mol/L to 1.0 × 10−4 mol/L and 5.0 × 10−5 mol/L)
(Fig. 5d). Accordingly, the fraction of inner-sphere complexa-
tion increases with increasing Ni:Eu ratio. As shown in Fig. 3b,
the coexisting Eu(III) with different concentrations has no obvi-
ous effect on the macroscopic adsorption behaviors of Ni(II)
(CNi(II)initial = 5.0 × 10

−4 mol/L) at pH 8.0. However, the desorp-
tion results herein verify the alteration of the Ni(II) immobiliza-
tion mechanism in the presence of Eu(III). For an initial Ni(II)

Fig. 3 pH-dependent sorption trends of Eu(III) (a) and Ni(II) (b)
(CNi(II)initial = 5.0 × 10

−4 mol/L) in the single- and binary-solute systems
at molar Ni:Eu ratios of 1:1 (CEu(III)initial = 5.0 × 10−4 mol/L), 5:1
(CEu(III)initial = 1.0 × 10−4 mol/L), and 10:1 (CEu(III)initial = 5.0 ×
10−5 mol/L). T = 298 K, m/V = 0.5 g/L, I = 0.01 mol/L NaNO3

Fig. 4 pH-dependent sorption trends of Eu(III) (a) and Ni(II) (b)
(CNi(II)initial = 5.0 × 10

−5 mol/L) in the single- and binary-solute systems
at molar Ni:Eu ratios of 1:1 (CEu(III)initial = 5.0 × 10−5 mol/L), 1:5
(CEu(III)initial = 2.5 × 10−4 mol/L), and 1:10 (CEu(III)initial = 5.0 ×
10−4 mol/L). T = 298 K, m/V = 0.5 g/L, I = 0.01 mol/L NaNO3
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concentration of 5.0 × 10−4 mol/L, inner-sphere surface com-
plexation is the predominant immobilization mechanism of
Ni(II) and its fraction is similar for different Ni:Eu ratios of
1:1 (CEu(III)initial = 5.0 × 10

−5 mol/L), 1:5 (CEu(III)initial = 2.5 ×
10−5 mol/L), and 1:10 (CEu(III)initial = 5.0 × 10−4 mol/L). By
combining the experimental results illustrated in Figs. 2, 3, 4,
and 5, one can make a conclusion that the coexisting Ni(II) has
no influence on both the macroscopic adsorption behaviors and
microscopic sequestration mechanisms of Eu(III) by montmo-
rillonite over a wide range of pH value and Ni:Eu ratio. In
contrast, the presence of Eu(III) obviously changes the immobi-
lization mechanisms of Ni(II) under some specific conditions.

Macroscopic sorption data in the presence
of Na-oxalate

Figure 6 shows the sorption percentages of Eu(III) and Ni(II)
in the absence/presence of Na-oxalate. Specifically, the
coexisting Na-oxalate has no apparent effect on Eu(III)

Fig. 5 Desorption of Eu(III) and Ni(II) in the single- and binary-solute systems at pH 4.0 (a, c) and 8.0 (b, d). T = 298 K, m/V = 0.5 g/L, I = 0.01 mol/L
NaNO3

Fig. 6 Sorption of Eu(III) and Ni(II) in the binary-solute systems at
pH 4.0 and 6.5 with different concentrations of Na-oxalate. T = 298 K,
m/V = 0.5 g/L, CEu(III)initial = CNi(II)initial = 5.0 × 10−5 mol/L, I =
0.01 mol/L NaNO3
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sorption, while obviously reduces the sorption of Ni(II). In
general, the coexisting ligands can enhance the immobiliza-
tion of metal ions on solid surfaces by creating a favorable
electrostatic environment, by the generation of ternary surface
complexes and by the occurrence of surface co(precipitation).
In contrast, the complexing agents can also inhibit metal ion
sequestration by competing for the same sites, by producing a
barrier that prevents metal ions from binding on the available
sites and by forming soluble complexes with metal ions
(Collins et al. 1999; Buerge-Weirich et al. 2002; Yang et al.
2011, 2013; Guo et al. 2015). Herein, the distinct effects of
Na-oxalate can be interpreted from their intrinsic properties
and complexation/precipitation behaviors with Eu(III) and
Ni(II). To help interpret the macroscopic sorption data, the
pH-dependent speciation of Eu(III) and Ni(II) in the
absence/presence of Na-oxalate is simulated by using Visual
Minteq 3.1 (Gustafsson n.d.) and the results are illustrated in
Figures S2-S4. Since the coexisting Na-oxalate exhibits a sim-
ilar impact on the sorption behaviors of Eu(III) and Ni(II) at
pH values of 4.0 and 6.5 (Fig. 6), the discussion herein is only
based on the speciation of metal ions at pH 4.0.

In the absence of oxalate, Eu(III) in solution is present as ~
90% of Eu3+ ions and ~ 10% of EuNO3

2+ species at pH 4.0
(Figure S2A). The presence of Na-oxalate at 0.5 mM and
5.0 mM alters the species of Eu(III) from Eu3+ ions
(Figure S2A) to Eu-(oxalate)2

− and Eu-oxalate+ (Figures S3A
and S4A). It is worth noting that the expectative Eu-oxalate
precipitate (Eu2(C2O4)3(s)) is absent due to the lack of thermo-
dynamic data for this phase in the database of Visual Minteq.
Oxalate is extensively used as a precipitant for heavy metal ions
in solution (Sun and Qiu 2012). Herein, the aqueous medium
conditions applied in our experiments (i.e., CEu(III)initial = 5.0 ×
10−5 mol/L, CNa-oxalate = 0.5 mM or 5.0 mM) are supersaturated
with respect to Eu2(C2O4)3(s) with a solubility product constant
of 10−26 at 25 °C (Tsukahara et al. 2004). Hence, the potential
formation of Eu2(C2O4)3(s) phase may be predominantly re-
sponsible for the high sorption percentage of Eu(III) with
0.5 mM or 5.0 mM Na-oxalate (Fig. 6). However, Alliot et al.
(2006) found that the increase of oxalate concentration from
0.1 mM to 0.1 M resulted in a monotonic decrease on the sorp-
tion amount of Eu(III) by α-alumina. In contrast, the coexisting
oxalate with a concentration of 1.0 mM significantly enhanced
the sorption of Eu(III) (1.0 × 10−4 mol/L) on suspended silica
(Pathak and Choppin 2007). More interestingly, Guo et al.
(2015) reported that the presence of oxalate enhanced Eu(III)
sorption at pH 4.0 when their concentrations were 2.0 ×
10−4 mol/L. In contrast, the coexisting oxalate reduced Eu(III)
sorptionwhen the initial concentration of Eu(III) was changed to
2.0 × 10−7 mol/L. In summary, the different experimental find-
ings as described above suggest that the specific effect of oxalate
on Eu(III) sorption is dependent on their relative concentrations
and the physicochemical properties of different minerals. In the
case of Ni(II), the speciation modeling (Figures S3B and S4B)

does not reflect the presence of Ni-oxalate precipitate (NiC2O4·
2H2O(s)) as reported in previous studies (Allen 1953;
Magyarosy et al. 2002). Herein, the solution conditions (i.e.,
CNi(II)initial = 5.0 × 10−5 mol/L, CNa-oxalate = 0.5 mM or
5.0 mM) are supersaturated with respect to NiC2O4·2H2O(s)
with a solubility product constant of 10−10 to 10−8 (Gavris
et al. 2008). If this is the case, the sorption of Ni(II) would be
enhanced. However, a contrary phenomenon is observed, i.e.,
the presence of Na-oxalate greatly suppresses the sorption of
Ni(II) (Fig. 6). It seems that the precipitation of Eu(III) with
Na-oxalate may inhibit the potential precipitation of Ni(II) with
this ligand. Alternatively, Ni(II) tends to interact withNa-oxalate
in solution and forms soluble Ni-oxalate(aq) and Ni-(oxalate)2

2−

species (see Figures S3B and S4B), which competitively dimin-
ish the binding of Ni(II) on montmorillonite.

XRD analysis of metal-loading samples

To help identify the underlying adsorption mechanisms of
Eu(III) and Ni(II), the XRD patterns of metal ion-loaded mont-
morillonite samples in the absence/presence of Na-oxalate were
collected and analyzed in detail. As shown in Fig. 7, no obvious
changes on the XRD pattern of montmorillonite can be ob-
served after the sorption of Eu(III) and Ni(II). According to
the desorption experimental results (Fig. 5 and BEffect of molar
Ni:Eu ratios^ section ), nearly all the Eu(III) is sequestrated by
the inner-sphere surface complexation mechanism at pH 4.0,
while Ni(II) is immobilized via the combination of ion exchange
(~ 10%) and inner-sphere surface complexation (~ 20%).
Anyway, the total amount of adsorbed Ni(II) is too low to alter
the crystalline structure ofmontmorillonite. Besides, the absence
of new diffraction peaks after Eu(III) and Ni(II) sorption (Fig. 7)

Fig. 7 XRD patterns of metal-loaded samples at pH 4.0 and 6.5 with
5.0 mM Na-oxalate. T = 298 K, m/V = 0.5 g/L, CEu(III)initial =
CNi(II)initial = 5.0 × 10

−5 mol/L, I = 0.01 mol/L NaNO3
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rules out the potential precipitation of metal hydroxides and
carbonate phases.

In the presence of 5.0 mM Na-oxalate, the first diffraction
peak of montmorillonite sample shows an apparent shift to a
higher 2θ value after Eu(III) and Ni(II) loading (Fig. 7). In
other words, the basal spacing of montmorillonite decreases
after its interaction with Eu(III), Ni(II), and Na-oxalate. It is
possible that the interlaminar Ca2+ ions with a hydrated ionic
radius (RH) of 4.12 Å are captured by the coexisting Na-
oxalate via the precipitation reaction (Slngh et al. 1991;
Christensen et al. 2003; Ihli et al. 2015). Instead, the Na+

(originating from the addition of electrolyte NaNO3) and H+

(originating from the acidity of the solution) ions with smaller
hydrated RH values would enter the interlayer to maintain the
charge balance of the montmorillonite structure (Fourest et al.
1984; Volkov et al. 1997; Yang et al. 2015). In addition, the
appearance of new diffraction peaks at 12.2°, 14.3°, 14.8°, and
24.4° (marked as asterisks in Fig. 7) clearly implies the for-
mation of a new solid phase. Specifically, this solid is expect-
ed to be the metal-oxalate precipitates due to their low solu-
bility products (Tsukahara et al. 2004; Gavris et al. 2008).

To verify the origin and chemical phase of the formed pre-
cipitates, the single Eu(III)-loaded montmorillonite sample in
the presence of 5.0 mM Na-oxalate was also prepared and the
XRD pattern was collected for comparison. As shown in
Fig. 8, some new diffraction peaks appear at 12.2°, 14.3°,
14.8°, and 24.4°, all of which are present in the XRD pattern
of Eu(III)- and Ni(II)-loaded sample with coexisting Na-
oxalate (Fig. 7). In contrast, the XRD pattern of the Eu(III)-
and Ni(II)-loaded sample is apparently different from that of
NiC2O4·2H2O(s). These two phenomena suggest that the pre-
cipitate formed in the binary-solute system is the Eu-oxalate
solid rather than the Ni-oxalate phase. As shown in Fig. 8, the

Eu-oxalate solid formed in our experiments is not the europi-
um oxalate decahydrate (Eu2(C2O4)3·10H2O(s)) (Hong et al.
2014). Theoretically, there are a series of Eu-oxalate phases
containing different H2O molecules in their crystal structures
(Balboul et al. 2002; Kustaryono et al. 2010; Zhan et al. 2012;
Hong et al. 2014). Owing to the lack of the crystallographic
information files for the other Eu2(C2O4)3·xH2O(s) solids, it is
impossible to clearly identify the specific chemical phase of
the formed precipitate herein. Nevertheless, the precipitation
of Eu-oxalate phase is undeniably an important driving force
for the immobilization of Eu(III). In addition, Eu(III) and
Ni(II) can be also adsorbed via the formation of binary (e.g.,
montmorillonite-Eu(III)/Ni(II)) and/or ternary complexes
(e.g., montmorillonite-oxalate-Eu(III)/Ni(II) or montmorillon-
ite-Eu(III)/Ni(II)-oxalate) as proposed in a series of sorption
systems (Montavon et al. 2002, 2004; Strathmann and
Myneni 2005; Yang et al. 2011, 2013, 2015). The broadening
of the first diffraction peak of montmorillonite after metal
sorption may be a circumstantial evidence for the occurrence
of this binding mode. Additional desorption/dissolution ex-
periments and advanced spectral techniques (e.g., time-
resolved laser fluorescence spectroscopy and EXAFS) are
needed in the following studies to further identify the surface
complexes.

According to the macroscopic data as shown in Fig. 6, the
variation of pH values from 4.0 to 6.5 and the increase of Na-
oxalate from 0.5 to 5.0 mM have no detectable impact on the
sorption percentage of Eu(III). In view of this, the XRD pat-
terns of the sorption samples are analyzed herein to determine
whether the same solid phase is formed in these systems. In
the presence of 5.0 mM Na-oxalate, the XRD pattern of the
sample prepared at pH 4.0 is identical to that prepared at
pH 6.5 (Fig. 9), pointing to the formation of the same Eu-
oxalate precipitate phase (denoted as Eu2(C2O4)3·xH2O(s)-

Fig. 8 XRD patterns of standard Eu(III)- or Ni(II)-oxalate solids and
metal-loaded samples at pH 4.0 with 5.0 mM Na-oxalate. T = 298 K,
m/V = 0.5 g/L, CEu(III)initial = CNi(II)initial = 5.0 × 10−5 mol/L, I =
0.01 mol/L NaNO3

Fig. 9 XRD patterns of metal-loaded samples at pH 4.0 and 6.5 with
0.5 mM and 5.0 mM Na-oxalate. T = 298 K, m/V = 0.5 g/L,
CEu(III)initial =CNi(II)initial = 5.0 × 10

−5 mol/L, I = 0.01 mol/L NaNO3
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1). In contrast, the XRD pattern of the sample prepared at
pH 4.0 in the presence of 0.5 mM Na-oxalate exhibits some
other diffraction peaks at 12.7°, 13.2°, 18.0°, and 18.6°
(marked as plus signs in Fig. 9), which suggests the generation
of a different Eu-oxalate solid (denoted as Eu2(C2O4)3·
xH2O(s)-2).More interestingly, the XRD pattern of the sample
prepared at pH 6.5 with 0.5 mMNa-oxalate shows the diffrac-
tion peaks of Eu2(C2O4)3·xH2O(s)-1 (marked as asterisks) and
Eu2(C2O4)3·xH2O(s)-2 (marked as plus signs), implying the
simultaneous presence of these two solid phases under the
applied solution conditions. Based on these observations,
one can deduce that Eu(III) and the coexisting oxalate tend
to form disparate kinds of precipitates at different pH values
and Na-oxalate concentrations, even though the sorption per-
centage is identical under these conditions (Fig. 6).

It is worth noting that there is a ten-fold difference on the
Na-oxalate concentrations (i.e., 5.0 mM vs. 0.5 mM) used in
the foregoing experiments, under which conditions we ob-
serve the generation of two different Eu-oxalate solids. In
view of this, the XRD patterns of the metal-loaded samples
with Na-oxalate concentration ranging from 0.5 to 5.0 mM are
analyzed to carefully determine the effects of this carboxylate.
At pH 4.0 with 0.5 mM and 2.5 mM Na-oxalate, the XRD
patterns indicate the formation of a single Eu2(C2O4)3·
xH2O(s)-2 phase (with the specific diffraction peaks marked
as plus signs in Fig. 10a). While at a higher Na-oxalate con-
centration of 3.3 mM, it is interesting to find that the
Eu2(C2O4)3·xH2O(s)-1 precipitate (with the characteristic dif-
fraction peaks marked as asterisks in Fig. 10a) begins to form
along with the Eu2(C2O4)3·xH2O(s)-2 phase. However, the
Eu2(C2O4)3·xH2O(s)-2 phase disappears as the concentration
of Na-oxalate increases up to 4.0 mM and 5.0 mM, while the
Eu2(C2O4)3·xH2O(s)-1 phase remains with good crystallinity.
The XRD patterns at pH 6.5 show a different trend with the
change of Na-oxalate concentration (Fig. 10b). None of the
XRD patterns indicates the presence of a pure Eu2(C2O4)3·
xH2O(s)-1 solid. Instead, the simultaneous existence of
Eu2(C2O4)3·xH2O(s)-1 (with the characteristic diffraction
peaks marked as asterisks) and Eu2(C2O4)3·xH2O(s)-2 (with
the specific diffraction peaks marked as plus signs) phases is
observed even at a low Na-oxalate concentration of 0.5 mM.
As the concentration of Na-oxalate rises to 2.5 mM or higher,
the XRD patterns show a single Eu2(C2O4)3·xH2O(s)-1 phase.
These observations mean that the Eu2(C2O4)3·xH2O(s)-2
phase formed at lower Na-oxalate concentration would grad-
ually transforms into the Eu2(C2O4)3·xH2O(s)-1 solid with the
increase of ligand concentration. Specifically, the critical con-
centration of Na-oxalate for this phase transformation process
is identified to be in the range of 2.5–4.0 mM at pH 4.0, while
in the range of 0–2.5 mM at pH 6.5. The concentration of
natural organic matters in the aquatic environment is usually
variable along with the water flowing and biological activities
(Jones 1998). As a result, the metal ions therein would form

diverse precipitates with disparate thermodynamic stability,
which would correspondingly influence their immobilization
and environmental fate.

Aging time is an important factor that influences the for-
mation of metal precipitates (Reiller and Casanova 2005;
Singh et al. 2010; Yang et al. 2012, 2013). In view of this,
the time-dependent XRD patterns of the metal-loaded samples
with 5.0 mM and 0.5 mM Na-oxalate were analyzed to iden-
tify the kinetics growing process of the Eu2(C2O4)3·xH2O(s)
phase. In the presence of 5.0 mM Na-oxalate, the appearance
of a rough diffraction peak at 24.4° (marked as asterisk in
Fig. 11a) after a short reaction time of 10 min suggests that
the formation of a new phase begins. As the aging time
prolonged to 60 min, the XRD pattern shows additional broad
and rough diffraction peaks at 12.2°, 14.3°,and 14.8° (marked
as asterisks), pointing to the gradual crystal growth of the
Eu2(C2O4)3·xH2O(s)-1 phase. Afterwards, these diffraction
peaks become more smooth and sharp at an aging time of

Fig. 10 XRD patterns of metal-loaded samples at pH 4.0 (a) and 6.5 (b)
with different Na-oxalate concentrations. T = 298 K, m/V = 0.5 g/L,
CEu(III)initial =CNi(II)initial = 5.0 × 10

−5 mol/L, I = 0.01 mol/L NaNO3
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300 min. This phenomenon can be ascribed to the increased
amount and the enhanced crystallinity of the Eu2(C2O4)3·
xH2O(s)-1 phase. The XRD patterns of the metal-loaded sam-
ples at 600 min and 1440 min are almost the same as those at
300 min. This phenomenon indicates that an aging time of
300 min is necessary for the precipitation of Eu2(C2O4)3·

xH2O(s)-1 phase. Similarly, the variation trend for the time-
dependent XRD patterns with the presence of 0.5 mM Na-
oxalate indicates the formation of Eu2(C2O4)3·xH2O(s)-2
phase after an aging time of 300 min (Fig. 11b). By comparing
Fig. 11a with Fig. 11b, one can see that the increase of aging
time only improves the amount and crystallinity of a specific
Eu-oxalate solid, while does not alter its chemical form during
the period of 10 min to 1440 min. The migration of heavy
metal ions in the real water systems may undergo over a rel-
atively long period from days to months even years (Reiller
and Casanova 2005; Singh et al. 2010; Yang et al. 2012,
2013). In view of this, more studies, e.g., desorption/
dissolution experiments, XRD, and advanced spectral analysis
for metal-loaded samples at prolonged aging time (i.e., 24 h–
1 year), are needed to clearly predict the migration and trans-
formation behaviors of Eu(III) and Ni(II) with coexisting Na-
oxalate.

Selective order and competitive binding mechanisms

According to the above macroscopic and XRD observations,
Eu(III) is preferentially sequestrated on montmorillonite with
no distinct interference from the coexisting Ni(II) in the whole
pH range. In contrast, the sorption behavior of Ni(II) is obvi-
ously impacted by the presence of Eu(III). It seems that the
same active sites of montmorillonite are involved in the im-
mobilization of Eu(III) and Ni(II). Specifically, Eu(III) ex-
hibits a higher affinity for binding on these sites and its sorp-
tion percentage is higher than that of Ni(II) over a wide pH
range. In addition, the tendency of Eu(III) to form precipitates
with Na-oxalate is higher than that of Ni(II). The potential
sequestration mechanisms of Eu(III) and Ni(II) by montmo-
rillonite in the absence and presence of Na-oxalate are sche-
matically illustrated in Fig. 12. An in-depth discussion is re-
quired to verify the influencing factors for the selective order
of Eu(III) > Ni(II) derived herein.

The different interaction affinities of metal ions with min-
erals and organic ligands may be induced by their differences
in the hydrated ionic radius, electrovalence, acid-base proper-
ty, first hydrolysis constant, and Misono softness parameter
(Shaheen et al. 2013; Sheikhhosseini et al. 2013; Yang et al.
2015). In general, the strength of electrostatic interaction

Fig. 11 Time-dependent XRD patterns of the metal-loaded samples at
pH 4.0 in the presence of 5.0 mM and 0.5 mM Na-oxalate. T = 298 K,
m/V = 0.5 g/L, CEu(III)initial = CNi(II)initial = 5.0 × 10−5 mol/L, I =
0.01 mol/L NaNO3

Fig. 12 Potential sequestration mechanisms of Eu(III) and Ni(II) by montmorillonite in the absence and presence of Na-oxalate
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between metal ions and clay minerals is in inverse proportion
to their hydrated ionic radius (RH). Specifically, in the case of
Eu(III) and Ni(II), the RH value of Eu3+ ions (4.58 Å) is greater
than that of Ni2+ ions (Fourest et al. 1984; Volkov et al. 1997;
Trivedi et al. 2001; Yang et al. 2015). Hence, Eu3+ ions are
expected to be weakly retained by montmorillonite. However,
a contrary result is obtained in our experiments. Hence, the
hydrated ionic radius and electrostatic interaction are not re-
sponsible for the selective order of Eu(III) > Ni(II).
Alternatively, one can consider the electrovalence of metal
ions and the corresponding cation exchange mechanism. The
Eu3+ ions with a higher electrovalence would have a stronger
competitiveness for binding on montmorillonite (Flogeac
et al. 2007; Valisko and Boda 2007). According to the hard
and soft acids and bases theory, Eu3+ is a hard Lewis acid,
while Ni2+ is a borderline Lewis acid (Remko et al. 2008;
Suneesh et al. 2012; Kaur et al. 2013). Hence, Eu(III) has a
greater affinity for complexing with the hydroxyl sites on
montmorillonite surfaces or the carboxylic groups of the
coexisting Na-oxalate, which are identified as hard Lewis ba-
ses. The relative capacity of metal ions to form inner-sphere
complexes on the mineral surfaces (denoted as specific sorp-
tion) is closely related to their first hydrolysis products (i.e.,
the pK value of the first hydrolysis reaction: M2+ + H2O =
MOH+ + H+). Generally, the metal ion with a lower first hy-
drolysis constant is easier to be specifically adsorbed (Saha
et al. 2002). The first hydrolysis constant for Eu(III) is 7.3
(Caceci and Choppin 1983), whereas that for Ni(II) is 9.6
(McKenzie 1980). In view of this, Eu(III) is more preferen-
tially retained on the montmorillonite surfaces thanNi(II). The
Misono softness parameter is an index of the tendency of a
metal ion to form covalent bonds with the active sites on
minerals (Flogeac et al. 2007). Herein, the preferential reten-
tion of Eu(III) on montmorillonite is partly attributed to its
higher Misono softness value of (~ 0.36) than that of Ni(II)
(~ 0.25) (Misono et al. 1967; Thompson et al. 2013).

Conclusions

The competitive binding of coexisting toxic components at the
natural mineral/water interfaces exhibits a significant impact
on their physicochemical behaviors. Herein, the macroscopic
data and the XRD analysis results are helpful to better under-
stand the speciation, migration, transformation, and potential
risk of the coexistent Ni(II) and Eu(III) in the aquatic systems.
Specifically, Ni(II) has no obvious effect on the adsorption
behaviors and sequestration mechanisms of Eu(III) by mont-
morillonite at a series of solution pH values and molar Ni:Eu
ratios. In contrast, the coexisting Eu(III) reduces the fraction
of Ni(II) inner-sphere complexation at both the acidic and
alkaline pH values. It seems that the active sites of montmo-
rillonite are preferentially occupied by Eu(III). As a result, a

large proportion of Ni(II) would remain and continuously mi-
grate in the aqueous solution, inducing serious threat to the
health of the aquatic organisms. The low molecular weight
Na-oxalate, being widely present in the soil and water sys-
tems, reduces the sorption of Ni(II) on montmorillonite. It is
interesting to find that the presence of Na-oxalate does not
influence the macroscopic behavior of Eu(III), while induces
the generation of different Eu2(C2O4)3·xH2O(s) solids at dif-
ferent pH values and ligand concentrations. The formed pre-
cipitates would gradually sink into the sediments and corre-
spondingly reduce the concentration and chemical mobility of
Eu(III). Considering the complexity of actual aquatic systems
and the limitations of our experimental conditions, further
studies are ongoing in our lab to supplement the competitive
sequestration mechanisms of Ni(II) and Eu(III) before extend-
ing to the real multicomponent environment.
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