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g r a p h i c a l a b s t r a c t
� Interaction mechanisms of Ni(II) with
cryptomelane were explored by
combining multiple techniques.

� Relative contributions of different
uptake processes were verified from
ligand extraction data.

� Ni(II) binding modes were clearly
identified with theoretical simulation
and spectroscopic analyses.

� Temperature rising enhanced the
sorption amount of Ni(II) in double
corner-shared binding mode.

� Research findings facilitated the
assessment of Ni(II) migration and
fate in Mn-riched environment.
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In the present study, the macroscopic sorption behaviors and microscopic immobilization mechanisms of
Ni(II) at cryptomelane/water interfaces were explored using the combination of batch sorption tech-
nique, desorption procedure, theoretical simulation, X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and extended X-ray absorption fine struc-
ture (EXAFS) analyses. The good simulation of the pseudo-second-order model on the sorption kinetics
data suggests a driving force of chemical sorption rather than mass transport or physical interaction. The
sorption trends and uptake mechanisms are obviously related to the solution pH, with cation exchange or
outer-sphere surface complexation at an acidic pH of 4.0, inner-sphere surface complexation in both the
edge-shared (ES) and double corner-shared (DCS) modes at a neutral pH of 7.0, and precipitation of a-
Ni(OH)2(s) phase at a highly alkaline pH of 10.0. The gradual increase of Ni(II) sorption amount with
solution temperature rising from 293 K to 333 K is consistent with the increased ratio of the weak DCS
Planetary Science, Graduate
ngo, Bunkyo-ku, Tokyo, 113-

(S. Yang), shuaowang@suda.

mailto:shitongyang-dmn@outlook.com
mailto:shuaowang@suda.edu.cn
mailto:shuaowang@suda.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2018.07.029&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2018.07.029
https://doi.org/10.1016/j.chemosphere.2018.07.029
https://doi.org/10.1016/j.chemosphere.2018.07.029


C. Wu et al. / Chemosphere 210 (2018) 392e400 393
Theoretical simulation
Spectroscopic analyses
Immobilization mechanisms
configuration. The research findings herein can help us better understand the migration and trans-
formation trends of Ni(II) in the manganese mineral-riched aquatic environment.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metal pollution has gained wide concern from the public
and environmentalists. Nickel(II) is widely present in the waste-
waters discharged from various industrial processes such as pes-
ticides, electrolysis, metallurgy, dyes and etc. Numerous studies
have proved the toxicities of Ni(II) to the hydrophytes, aquatic an-
imals and human beings (Cempel and Nikel, 2006; Wang et al.,
2016). Thereby, it is essential to explore the speciation and migra-
tion trends of Ni(II) in the geological environment.

Natural minerals significantly affect the physicochemical be-
haviors of contaminants in the aquatic systems. Multiple experi-
mental, modelling and spectral approaches have been applied to
infer the potential sorption mechanisms of Ni(II) on a series of
minerals. Specifically, the retention of Ni(II) by the clay minerals
with exchangeable ions in the interlayer is attributed to outer-
sphere surface complexation and/or cation exchange at acidic pH,
inner-sphere surface complexation and/or (co)precipitation at
neutral and alkaline pH (D€ahn et al., 2002; Ren et al., 2013; Sheng
et al., 2011a, b; Siebecker et al., 2014; Yang et al., 2015; Zhao
et al., 2017). By contrast, the immobilization of Ni(II) by the Al/Si/
Fe/Mn (hydro)oxides without the interlayer structure is controlled
by inner-sphere surface complexation (Grangeon et al., 2017;
Lefkowitz and Elzinga, 2017; Sheng et al., 2011a; b; Xu et al., 2007),
lattice substitution (Manceau et al., 2007; Peacock and Sherman,
2007; Peacock, 2009; Pe~na et al., 2010; Singh et al., 2002) and/or
NieAl/Si (co)precipitation (Scheckel and Sparks, 2000; Tan et al.,
2014). The differences between the foregoing Ni(II)-clays and
Ni(II)-metal (hydro)oxides systems may be due to the different
types, structures and properties of the used minerals as well as the
disparate environmental conditions of the sorption experiments. In
view of this, further work is still needed to definitely verify the
interactions of Ni(II) with more kinds of minerals.

Cryptomelane, as a manganese oxide mineral, is widespread in
the natural soil and aquatic systems. Previous researchers have
conducted several studies to explore the sorption performance and
immobilization mechanisms of cryptomelane for various toxic
heavy metal ions, e.g., Cs(I), Zn(II), Pb(II), Co(II), Cd(II), Cr(III), U(VI)
and Th(IV) (El-Naggar et al., 1993; Ghoneimy, 1997; Ghaly et al.,
2018; Li et al., 2015; Lu et al., 2007; Randall et al., 1998). To the
best of our knowledge, no data are available to clearly elaborate the
interaction mechanisms of Ni(II) with cryptomenlane. In the pre-
sent work, batch sorption experiments were performed to explore
the influence of multiple environmental factors on the macroscopic
sorption trends of Ni(II) on cryptomenlane. In addition, the
microscopic immobilization mechanisms of Ni(II) were identified
by combining desorption procedure, theoretical simulation and
spectral approaches (i.e., FTIR, XPS and EXAFS).
2. Materials and methods

2.1. Chemical reagents

Nickel nitrate hexahydrate (Ni(NO3)2$6H2O) with analytical
purity were purchased from Sigma-Aldrich Trading Co, Ltd
(Shanghai, China). The rest of chemical reagents were obtained
from Sinopharm Chemical Reagent Co., Ltd. All the solutions were
prepared by using the Milli-Q water.

2.2. Preparation and characterization of cryptomelane

The cryptomelane mineral was synthesized by adopting the
method as described in the literature (Calvert et al., 2008; Huang
et al., 2010; Sithambaram et al., 2009; Wang and Li, 2002). The
XRD pattern of the synthesized sample was recorded by using a
Bruker D8 Advance diffractometer with the radiation of Cu Ka
(l¼ 0.15406 nm). The FTIR spectrum within the wavenumber of
4000e400 cm�1 was collected on a Thermo Nicolet 6700 spec-
trometer. The surface charges of cryptomelane in the pH range of
2.0e10.0 were determined by using a Zetasizer Nano ZS90
Analyzer. The TG curve within 70e900 �C was measured with the
aid of NETZSCHSTA 449F3 instrument under a N2 flow.

2.3. Macroscopic sorption experiments

The sorption experiments of Ni(II) on cryptomelane were per-
formed in a series of 10mL centrifuge tubes as a function of
different environmental factors. In brief, the pH values of the sus-
pensions containing cryptomelane, NaNO3 and Ni(II) were adjusted
with trace amounts of HNO3/NaOH solutions. The increase for the
total volumes of the uptake systems was negligible and thus the
deviation for the solid/liquid ratio was less than 1%. After oscillating
the centrifuge tubes for a certain time, the solid and liquid phases
were separated by centrifugation. The supernatants were filtrated
by using 0.22 mm filter membrane followed by the measurement of
Ni(II) concentration (Ce, mmol/L) with inductively coupled plasma-
atomic emission spectrometry. The sorption percent (S%¼ (C0 - Ce)/
C0$100%) and amount (qe ¼ (C0 - Ce)$V/m, mmol/g) were calculated
from the initial (C0, mmol/L) and final concentration (Ce) of Ni(II) as
well as the solid dosage (m/V, g/L) of the uptake system.

2.4. Desorption experiments

To help determine the specific driving forces that contribute to
the sequestration of Ni(II) by cryptomelane, additional extraction
experiments were carried out by using CH3COONH4 (possessing
excellent ion-exchange capacity for heavy metal ions) and EDTA-
2Na (showing strong chelating property for heavy metal ions) as
the eluents (Gao et al., 2003; Salinas et al., 2000; Xu et al., 2016).
Specifically, the Ni(II)-loaded cryptomelane samples were
sequentially soaked into 10.0mM of CH3COONH4 solution and
2.0mM of EDTA-2Na solution. The subsequent experimental pro-
cedures were similar to those described in section 2.3. The fraction
desorbed by CH3COONH4 represents the uptake mechanism of
cation exchange and/or outer-sphere surface complexation, while
that extracted by EDTA-2Na represents the retention mechanism of
inner-sphere complexation. The fraction remaining after EDTA-2Na
extraction represents the precipitation mechanism.

2.5. Spectral data collection and analysis

XPS spectra of the Ni(II)-loaded cryptomelane samples were
recorded on Kratos Axis Ultra DLD spectrometer (SHIMADZU,
Japan) with the X-ray energy of Al Ka (1486 eV). Ni K-edge EXAFS
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spectra were obtained at BL14W1 of Shanghai Synchrotron Radia-
tion Facility (SSRF, China). EXAFS data analyses were performed by
Athena and Artemis software (Ankudinov and Rehr,1997; Ravel and
Newville, 2005). Based on the crystal structures of Ni(NO3)2$6H2O,
Ni(OH)2(s) and Ca3Ni0.92Mn1.08O6 (Vicat et al., 1986), the theoretical
scattering phases and amplitudes of NieO, NieMn and NieNi
backscattering paths were calculated by using FEFF7.
3. Results and discussion

3.1. Characterization

Fig. 1A shows the XRD pattern of the synthesized solid powder.
The diffraction peaks at ~12.8�, ~18.0�, ~25.8� and ~28.8� are
consistent with the crystallographic information of cryptomelane
phase (Calvert et al., 2008). For the FTIR spectrum (Fig.1B), thewide
band at 3450 cm�1 is assigned to the stretching vibration of OeH
bond or H2O molecules. The peaks at 1635 and 1387 cm�1 are
attributed to the strong bending vibration of OeH bond that
combined with Mn atoms. The peaks within 1000e400 cm�1

represent the characteristic vibrations of MneO bonds (Deguzman
et al., 1994; Gao et al., 2008; Kazazi, 2018; Sheng et al., 2010). The
strong bands at 460 and 510 cm�1 can be attributed to the char-
acteristic vibrations of the MnO6 skeletal in a typical cryptomelane
structure. The peak at 720 cm�1 is due to the stretching vibration of
MnO6 octahedra along the double-chain (Julien et al., 2004;
Tizfahm et al., 2016). As shown in Fig. 1C, the surface potential of
cryptomelane gradually decreases with the increase of solution pH
and the zero point charge (pHzpc) value is defined to be ~4.6. The TG
curve (Fig. 1D) reveals the stepwise weight loss of cryptomelane
with the change of temperature. Specifically, the slight decline of
weight (~2.5%) within 70e255 �C is due to the evaporation of
Fig. 1. XRD (A), FTIR (B), zeta potential (C
surface-related water. During the subsequent heating-up stage
from 225 to 770 �C, the cryptomelane weight gradually decreases
from 97.5% to 90.1%. This phenomenon can be attributed to the loss
of chemically adsorbed water and the structural oxygen from the
framework (Chen et al., 2002; Villegas et al., 2005). No further
weight loss can be observed as the calcination temperature higher
than 770 �C. Overall, the TG curve indicates that the cryptomelane
mineral is rather stable over a wide temperature region.

3.2. Macroscopic sorption data

3.2.1. Sorption kinetics
Fig. S1 shows the time-dependent sorption data of Ni(II) on

cryptomelane at 293 K and pH 7.0. Clearly, ~48% of the initial Ni(II)
is retained during a relatively short time period of 0.5 h. Then, the
sorption percentage increases rapidly to ~70% after 6 h and keeps
almost unchanged with prolonged aging time Similar variation
trend is also observed for the sorption amount. In consideration of
these phenomena, a contact time of 24 h was selected in the sub-
sequent experiments to insure adsorption equilibrium. According
to the simulation results of the pseudo-first-order and pseudo-
second-order equations (see Fig. S1 and Table S1 in the Support-
ing Information (denoted as SI in the following text)) (Ho and
McKay, 1999a, 1999b; Ho and Ofomaja, 2006; Ivanets et al., 2017),
one can deduce that the immobilization of Ni(II) by cryptomelane
at 7.0 is controlled by chemisorption rather than mass transport or
physical interaction.

3.2.2. Effects of pH and ionic strength
The pH-dependent sorption trends of Ni(II) on cryptomelane is

illustrated in Fig. 2. Specifically, the sorption percent of Ni(II) in
0.01mol/L of NaNO3 solution keeps almost constant at ~30% within
) and TG curve (D) of cryptomelane.



Fig. 2. Effect of pH and ionic strength on the sorption of Ni(II) on the cryptomelane.
T¼ 293 K, m/V¼ 0.5 g/L, CNi(II)initial¼ 1.0� 10�4mol/L.

Fig. 3. Sorption isotherms and model fits of Ni(II) on cryptomelane. pH¼ 7.0, m/
V¼ 0.5 g/L, I¼ 0.01mol/L NaNO3. Symbols represent the experimental sorption data,
solid lines represent the fit curves of Langmuir model and dash lines represent the fit
curves of Freundlich model.
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pH 2.0e5.0, then rises rapidly to ~100% as the pH value increases to
8.5, and remains at ~100% above the pH value of 8.5. The appear-
ance of three sorption regions suggests the potential occurrence of
different immobilization mechanisms, depending on the surface
properties of cryptomelane and the speciation of Ni(II). Herein, the
cryptomelane mineral exhibits a zero point charge (pHzpc) value of
~4.6 (Fig. 1C). According to the thermodynamic calculation pre-
dicted by Visual MINTEQ ver. 3.1 (Gustafsson, 2018), Ni2þ is the
main species of Ni(II) over a wide pH range of 2.0e8.5 (Fig. S2).
Obviously, the Ni2þ ions are hardly adsorbed by cryptomelane at pH
2.0e5.0 due to electrostatic repulsion. While at pH> 5.0, Ni(II) can
be readily immobilized by the deprotonated surface sites of cryp-
tomelane. One can see from Fig. S2 that the Ni(OH)2(s) precipitation
occurs from an alkaline pH value of 8.7. Therefore, the rapid rising
of Ni(II) uptake percentage in the pH range of 5.0e8.5 is not due to
precipitation. Beyond all doubt, the precipitation mechanism will
significantly promote the efficient immobilization of Ni(II) at
pH> 8.7.

As shown in Fig. 2, the increase of ionic strength inhibits the
retention of Ni(II) at pH< 5.0. Herein, the increased electrolyte
concentration can result in the coagulation of cryptomelane par-
ticles, the expansion of the thickness of electrical diffused double
layer and the decrease of Ni(II) ion activity in solution. These factors
synergistically suppress the attachment of Ni(II) onto cryptomelane
(Hu et al., 2010; Mercer and Tobiason, 2008). Nevertheless, the
apparent dependence of sorption trends on ionic strength suggests
that cation exchange (with the Hþ or Kþ ions in the channels) and/
or outer-surface complexation (via electrostatic interaction) are the
main immobilization mechanisms of Ni(II) by cryptomelane below
pH 5.0. From Fig. 2, no apparent influence of ionic strength varia-
tion on Ni(II) immobilization can be observed at pH value above 5.0.
By considering the previous theories on ionic strength-related
sorption trends and the speciation diagram of Ni(II) (Fig. S2) (Bui
and Choi, 2010; Yang et al., 2011, 2012; Yuan et al., 2017), one can
make a conclusion that inner-sphere complexation is the pre-
dominant retention mechanism at 5.0< pH< 8.7 and the occur-
rence of precipitation dominates at pH value higher than 8.7.
3.2.3. Sorption isotherms
Fig. 3 displays the equilibrium sorption data of Ni(II) on cryp-

tomelane at 293, 313 and 333 K. Clearly, the sorption amount rises
with the increase of equilibrium Ni(II) concentration (Ce, mmol/L)
and a sorption plateau appears at higher Ce value. The classical L-
type sorption isotherm curves suggest that the Ni(II) species are
retained on cryptomelane surfaces by forming a monolayer
coverage (Atasoy and Sahin, 2014; Mahmud et al., 2012). One can
also rules out the possibility of Ni precipitation either on the
cryptomelane surfaces or in the aqueous solution, both of which
would result in the exponential growth of Ni(II) sorption amount. In
addition, the positive correlation between sorption amount and
solution temperature implies that the immobilization of Ni(II) by
cryptomelane is an endothermal process. The sorption isotherms
can bewell fitted by the Langmuirmodel rather than the Freundlich
model (see Fig. 3 and Table S2), pointing to a favorable chemi-
sorption process of Ni(II) on cryptomelane (Bayramoglu et al., 2012;
Yang et al., 2015).

3.3. Leaching data analysis

Table S3 lists the desorption percentages of Ni(II) from the
metal-loaded samples prepared under different environmental
conditions. At pH 4.0, more than 90% of the adsorbed Ni(II) is
extracted by the CH3COONH4 ligand, suggesting that Ni(II) is pre-
dominately retained by cation exchange reaction and/or outer-
sphere surface complexation with a small ratio of inner-sphere
complexation. In contrast, the main sequestration mechanism
changes to inner-sphere complexation at a higher pH value of 7.0.
More specifically, the fraction of this binding mechanism increases
from 85.9% to 95.3% as the temperature rises from 293 K to 333 K.
This phenomenon implies that higher temperature facilitates the
direct coordination of Ni(II) with the cryptomelane surface sites. At
a highly alkaline pH value of 10.0, only 12.5% of the immobilized
Ni(II) is desorbed by the EDTA-2Na ligand. Under such circum-
stances, the vast majority of Ni(II) (87.5%) is immobilized by
forming insoluble solid phases.

3.4. Theoretical Ni(II) binding modes

The potential binding modes of Ni(II) by cryptomelane are
predicted by considering their microstructures. Based on the pre-
viously reported crystallographic data (Vicat et al., 1986), the crystal
structure of cryptomelane is illustrated by using Crystalmaker ver.
2.2.4 (Gong et al., 2014). As shown in Fig. 4, the framework of
cryptomelane is constructed with edge-shared and corner-shared
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MnO6 octahedra, which results in the formation of one-
dimensional (1� 1) and two-dimensional (2� 2) channels. The
former is smaller and empty, whereas the latter is larger and con-
tains some Kþ ions at the special position 2 a (0, 0, 0) (Huang et al.,
2010; Lu et al., 2007). The size of the larger channel (~4.6 Å) is
greater than the hydrated ionic radius (RH) of Ni(II) (2.06 Å) (Trivedi
et al., 2001). In view of this, it is possible for the entrance of Ni(II)
into these channels (Fig. 4A). Under the condition of exchanging
with the Kþ ions, the central Ni would be surrounded by six equi-
distant hydrated O atoms at a NieO interatomic distance (RNi-O) of
~2.04 Å, eight equidistant tunnel wall O atoms at RNi-O of ~2.85 Å
and eight Mn atoms at RNi-Mn of ~3.56 Å. In addition, Ni(II) can also
attach on the cryptomelane surfaces due to electrostatic interac-
tion, forming outer-sphere surface complexes (Fig. 4B). Moreover,
the NiO6 octahedra can directly coordinate with the MneO sites via
single corner-shared (SCS, Fig. 4C), double corner-shared (DCS,
Fig. 4D), triple corner-shared (TCS, Fig. 4E) and edge-shared (ES,
Fig. 4F) modes, forming multiple inner-sphere surface complexes.
The specific coordination geometry of Ni(II) can be calculated by
integrating the EXAFS-derived RNi-O value of ~2.04 Å and the
structural parameters of cryptomelane (see the detailed calculation
strategies in SI) (Gao et al., 2008; Sheng et al., 2011a, b; Tan et al.,
2017; Vicat et al., 1986). Specifically, the theoretical RNi-Mn values
would be 3.88e4.02 Å, 3.52e3.64 Å and 2.74e2.84 Å for the SCS,
DCS/TCS and ES linkage modes, respectively. In case of lattice
substitution (i.e., incorporation of Ni(II) at theMn vacancies (INC) of
cryptomelane, Fig. 4G), the central Ni atom is expected to be sur-
rounded by six Mn atoms at RNi-Mn of 2.87e2.93 Å (Cloud, 1958).
3.5. Spectroscopic identification on the immobilization mechanisms

3.5.1. FTIR analysis
Fig. S3 shows the FTIR spectra of pristine and Ni(II)-bound

cryptomelane samples formed at pH 7.0 and three different
Fig. 4. Potential immobilization mechanisms of Ni(II) by the cryptomelane mineral. A: c
complexation; D: DCS inner-sphere surface complexation; E: TCS inner-sphere surface comp
vacancies (INC); H: Precipitation of Ni(OH)2 phase.
temperatures. After the binding of Ni(II), the characteristic MneO
absorption peaks at 460 and 510 cm�1 become wider and shift to
higher wavenumbers (insert in Fig. S3). One can conclude that the
MneO bonds are involved in capturing Ni(II) at a neutral pH of 7.0
(Dinh et al., 2018). In other words, Ni(II) is retained via inner-sphere
complexation with the MneO sites.
3.5.2. XPS analysis
The XPS spectra of cryptomelane samples before and after Ni(II)

retention at pH 7.0 are illustrated in Fig. 5. The wide scan spectrum
of pristine cryptomelane exhibits the C 1s, O 1s, Mn 2p and Mn 3s
peaks (see the dash lines in Fig. 5A). In addition, the interaction of
Ni(II) with cryptomelane results in the appearance of Ni 2p peak
(see the dot line in Fig. 5A). Herein, we carefully analyze the narrow
scans of the O 1s, Mn 2p and Mn 3s peaks. Specifically, the binding
energy of O 1s peak shifts to a higher value after the immobilization
of Ni(II) (Fig. 5B), revealing the coordination of Ni(II) with the O-
containing sites located on the cryptomelane surfaces (Chen et al.,
2016; Pan et al., 2012).

The Mn 2p spectrum (Fig. 5C) exhibits two peaks, i.e., Mn 2p1/
2 at the binding energy of 654.0 eV and Mn 2p3/2 at the binding
energy of 642.2 eV. Herein, the energy separation of 11.8 eV is well
consistent with that of MnO2 (Tang et al., 2007). Cryptomelane
possesses multiple Mn oxidation states in its crystal structure.
However, it is impossible to distinguish Mn2þ, Mn3þ and Mn4þ ions
from theMn 2p spectrum due to their similar binding energies (Fan
et al., 2008; Tang et al., 2007). In view of this, the Mn 3s spectra are
analyzed to further identify the specific Mn oxidation states (Fan
et al., 2008; Galakhov et al., 2002; Ilton et al., 2016; Khatiwada
et al., 2018; Tang et al., 2007). As shown in Fig. 5D, the 3s split-
ting between the main and satellite peaks is ~4.8 eV for all the
samples. According to the relationship between different Mn
valence states and their corresponding Mn 3s energy gaps (see
Fig. S4 and the detailed information in SI) (Galakhov et al., 2002),
ation exchange; B: outer-sphere surface complexation; C: SCS inner-sphere surface
lexation; F: ES inner-sphere surface complexation; G: incorporation of Ni(II) at the Mn



Fig. 5. XPS survey scans (A), high-resolution O 1s (B), Mn 2p (C) and Mn 3s (D) spectra of cryptomelane samples before and after Ni(II) sorption at different temperatures. pH¼ 7.0,
m/V¼ 0.5 g/L, CNi(II)initial¼ 1.0� 10�4mol/L, I¼ 0.01mol/L NaNO3.
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the average oxidation state (AOS) of Mn is calculated to be ~3.70.
This result suggests the simultaneous presence of Mn4þ and Mn3þ

ions in the cryptomelane structure with Mn4þ as the principal
component. It is also worth noting that the rising of temperature
and the increased sorption of Ni(II) have no effect on the structure
of cryptomelane. In view of this, one can preliminarily excludes the
possibility of Ni2þ ions substitution for Mn3þ/Mn4þ ions in the
lattice structure, under which condition the AOS of Mn would
change due to the variation of molar Mn3þ:Mn4þ ratio. Hence, the
immobilization of Ni(II) by the cryptomelane mineral at pH 7.0 can
be ascribed as inner-sphere complexation.

3.5.3. EXAFS analysis
The specific microstructures of Ni(II) on cryptomelane under

different environmental conditions can be determined from the
analyses of EXAFS spectra. As illustrated in Fig. 6A, the k3c(k)
spectrum of the cryptomelane/Ni sample prepared at pH 4.0 is
quite similar to that of Ni(II)(aq), suggesting Ni(II) is retained in its
hydrated state. By contrast, the spectra of the cryptomelane/Ni
samples prepared at pH 7.0 are clearly disparate from those of
Ni(II)(aq) and a-Ni(OH)2(s). This phenomenon reveals that the
predominant sequestration mechanism of Ni(II) by cryptomelane is
neither cation exchange/outer-sphere complexation nor precipita-
tion. Alternatively, the appearance of a bulge at ~5.3Å�1 (marked
by ellipse) and two pits at ~7.8 and 9.7Å�1 (marked by rectangles)
points to the generation of Ni(II) inner-sphere complexes on
cryptomelane surfaces (D€ahn et al., 2002; Ren et al., 2013; Sheng
et al., 2011a, b; Yang et al., 2015). More specifically, the oscillation
intensities of these spectral features gradually increase with rising
temperature, suggesting the presence of stronger backscattering
signals from the surrounding atoms under higher temperature
condition. The spectrum of the cryptomelane/Ni sample collected
at pH 10.0 is basically analogous to that of a-Ni(OH)2(s), implying
the occurrence of hydroxide precipitation under high alkaline
condition. Note that the k3-weighted spectra of all the cryptome-
lane/Ni samples are obviously different from that of the Ni cop Mn
sample (i.e., Ni(II) co-precipitation with cryptomelane, see the
detailed information in SI). Hence, the immobilization of Ni(II)
under our experimental conditions is not predominantly by the
incorporation (lattice substitution) mechanism.

For all the samples, the Fourier transformed radial structural
functions (RSFs) show a narrow and strong peak at ~1.60 Å (phase
shift uncorrected) (marked by the dash line in Fig. 6B). The simi-
larities in the intensity and position of this peak for different
samples indicate that the change of environmental conditions has
negligible influence on the coordination of central Ni atoms with
the surrounding O atoms. For the cryptomelane/Ni samples pre-
pared at pH 7.0, the RSFs exhibit additional peaks centered at
~2.35 Å (marked by ellipse) and ~3.00 Å (marked by rectangle)
(phase shift uncorrected), pointing to the contribution of higher
backscattering paths such as NieMn and/or NieNi. In addition, the
peak intensity at ~2.35 Å (phase shift uncorrected) keeps almost
unchanged with the increase of solution temperature, while that at
~3.00 Å (phase shift uncorrected) gradually increases with rising
temperature. However, in a previous study involving the sorption of
Ni(II) on d-MnO2, Manceau et al. (2007) found that the peak in-
tensity at ~3.10 Å (phase shift uncorrected) gradually decreased
with the increase of Ni(II) sorption amount. The difference herein
suggests that Ni(II) exhibits disparate binding modes on various
manganese oxide surfaces due to the different mineral features



Fig. 6. k3-weighted EXAFS spectra (A) and corresponding RSFs (phase shift uncorrected) (B) of Ni-containing reference and uptake samples. Solid lines represent the experimental
spectra and dash lines represent the least-square fit curves.
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(e.g., morphology, crystalline structure and surface properties) and
different experimental conditions (e.g., aging time, temperature,
pH and dissolved Ni(II) concentration).

Table S4 lists the structural parameters obtained from the least-
square fits of the RSFs. For the sample collected at pH 4.0, the
central Ni atom is coordinated by ~6.0 O atoms at RNi-O of ~2.04 Å,
being analogous to those of Ni(II)(aq). In view of this, the hydrated
Ni(H2O)62þ ions are possibly retained in cryptomelane channels via
ion exchange (with the Kþ ions at the special position 2 a (0, 0, 0) or
the Hþ ions, Fig. 4A) or attached on cryptomelane surfaces via
electrostatic interaction (Fig. 4B). In the case of Ni(II) exchanging
with Kþ ions, the foregoing theoretical simulation predicts the
presence of additional NieO path at ~2.85 Å and NieMn path at
~3.56 Å in addition to the NieO shell at ~2.04 Å. Herein, the absence
of these structural parameters suggests that Ni(II) may replace the
Hþ ions rather than the Kþ ions in the channels at an acidic pH value
of 4.0. The RSFs of the samples prepared at pH 7.0 include two
NieMnpaths at RNi-Mn1 of ~2.85 Å and RNi-Mn2 of ~3.48 Å. According
to the above theoretical simulation (Fig. 4CeG) and the previous
studies (Grangeon et al., 2017; Lefkowitz and Elzinga, 2017;
Manceau et al., 2007; Peacock and Sherman, 2007; Peacock, 2009;
Pe~na et al., 2010; Simanova et al., 2015; Singh et al., 2002; Yin et al.,
2014), the shorter NieMn path at ~2.85 Å possibly arises from the
ES binding between NiO6 and MnO6 octahedra or the incorporation
of Ni(II) at the vacancies (INC). In contrast, the longer NieMn path
at ~3.48 Å may be attributed to the DCS or TCS configurations be-
tween NiO6 and MnO6 octahedra. More specifically, the binding
modes with similar RNi-Mn values can be further distinguished from
the differences of their corresponding coordination numbers
(CNNieMn), i.e., 1.0e2.0 for ES vs. 6.0 for INC, and 2.0 for DCS vs. 6.0
for TCS. In the present study, with the solution temperature rising
from 293 K to 333 K, the CNNieMn value at ~2.85 Å keeps at a con-
stant value of ~1.5, while that at ~3.48 Å increases from ~1.6 to ~2.4
(Table S4). Clearly, Ni(II) forms both ES and DCS bindingmodeswith
the cryptomelane edge sites. More specifically, the relative ratio of
ES mode keeps constant with increasing temperature, while that of
DCS configuration increases with rising temperature. In general,
the ES configuration (corresponding to a shorter but stronger
NieMn bond) is more stable than the DCS linkage (corresponding
to a longer but weaker NieMn bond) (Elzinga and Reeder, 2002;
Yang et al., 2013). Thereby, the enhancement of Ni(II) sorption
amount with rising temperature (Fig. 3) is caused by the increase of
weak DCS configuration. The absence of TCS linkage mode is
reasonable in consideration of the cryptomelane properties. It was
reported that the binding modes of Ni(II) with manganese minerals
were greatly dependent on the AOS of Mn, i.e., the predominant
binding mode transferred from TCS to DCS as the AOS value
decreased from 3.95 to 3.65 (Grangeon et al., 2017; Simanova et al.,
2015). Herein, the Mn AOS value of 3.70 for our cryptomelane
sample (see section 5.2 and Fig. S4 in SI) would facilitate the
occurrence of inner-sphere surface complexation in DCS mode. The
structural parameters for the sample prepared at a highly alkaline
pH value of 10.0 (RNi-Ni ~3.07 Å and CNNieNi ~3.6 as listed in
Table S4) indicate the generation of a-Ni(OH)2(s) phase rather than
the most stable b-Ni(OH)2(s) solid with a larger RNi-Ni value of
3.12e3.13 Å (D€ahn et al., 2002; Ren et al., 2013; Yang et al., 2011,
2012). The formation of nickel hydroxide precipitate predicted from
the EXAFS analysis is consistent with the speciation calculation
(Fig. S2) and ligand extraction data (Table S3 and section 3.3).

4. Conclusions

The synergistic application of multiple analysis approaches
facilitate the quantitative and molecular-scale understanding on
the interaction mechanisms between Ni(II) and cryptomelane. As
the aqueous pH rises from 4.0 to 7.0 and finally 10.0, the immobi-
lization mechanism of Ni(II) by cryptomelane transfers from cation
exchange (migration into the 2� 2 channels)/outer-sphere
complexation (attachment on the surfaces) to inner-sphere
complexation (in both the ES and DCS linkage modes) and finally
precipitation. The rising of temperature enhances the sorption ca-
pacity of cryptomelane towards Ni(II) due to the increased
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proportion of DCS surface binding mode. The formed Ni(II) species
with different thermodynamic stabilities would further affect their
migration trend and fate. Given the complexity of the geological
environment and the widespread distribution of various manga-
nese minerals in the aquatic systems, additional studies are
required to further explore the reversibility of the retained Ni(II)
species upon the fluctuations of environment conditions (e.g., the
decrease of aqueous pH, the extension of aging time and the
discharge of new pollutants) and the triggered transformation of
manganese oxide phases.
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