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• TNT showed an enhancement role in
Cr(VI) and Se(VI) scavenged by NZVI.

• Both extent and rate of Cr(VI) and
Se(VI) scavenged by NZVI/TNT
increased.
• TNT acted as a promoter for nearly
complete reduction of Cr(VI) and
Se(VI).
• TNT acted as a scavenger for sparingly
soluble reaction products.
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a b s t r a c t
Herein, a promising titanate nanotubes (TNT) anchored nanoscale zero-valent iron (NZVI) nanocomposite (NZVI/TNT) was synthesized, characterized and used for the enhanced scavenging of Cr(VI) and Se(VI)
from water. The structural identiﬁcation indicated that NZVI was uniformly loaded on TNT, thereby, the
oxidation and aggregation of NZVI was signiﬁcantly minimized. The macroscopic experimental results
indicated that NZVI/TNT exhibited higher efﬁciency as well as rate on Cr(VI) and Se(VI) scavenging
resulted from the good synergistic effect between adsorption and reduction. Besides, TNT can weaken the
inhibitory effect of co-existing humic acid (HA) and fulvic acid (FA) on the scavenging of Cr(VI) and Se(VI)
by NZVI, since TNT showed strong adsorption for HA and FA that inhibit potential reactivity. XPS analysis
suggested that surface-bound Fe(II) played a critical role in Cr(VI) and Se(VI) scavenging. XANES analysis
demonstrated that TNT acted as a promoter for the almost complete transformation of Cr(VI) into Cr(III),
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and Se(VI) into Se(0)/Se(−II) in NZVI system. EXAFS analysis indicated that TNT acted as a scavenger for
insoluble products, and thus more reactive sites can be used for Cr(VI) and Se(VI) reduction. The excellent
performance of NZVI/TNT provide a potential material for puriﬁcation and detoxiﬁcation of Cr(VI) and
Se(VI) from wastewater.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Nowadays, water and soil pollution has increasingly become a
serious environmental issue for the global society. In this respect,
the water and soil polluted by heavy metals and/or radiounuclides
is especially becoming a great threat to both ecological environment and human health [1–5]. Recently, it has been gradually
regarded that chromium (Cr) and selenium (Se) are common
contaminants which are mainly resulted from the activities and
industries of mining, metallurgy, oil reﬁnery, electroplating, leather
tanning, power production, printing, pigments and polishing [5–8].
Meanwhile, the oxidation state of Cr and Se determines their toxicity, solubility, mobility and ﬁnal fate in the natural environments.
Under oxidizing geochemical environments, Cr exits in the form
of Cr(VI) (chromate, CrO4 2− ), while Se exists in the form of Se(VI)
(selenate, SeO4 2− ) or Se(IV) (selenite, SeO3 2− ), which is very soluble
and mobile with high toxicity. Nevertheless, under reducing geochemical environments, Cr is in the form of Cr(III), and Se is mainly
in the form of Se(0) or Se(-II), which is less soluble and mobile with
low toxicity [9–19]. Thereby, reductive scavenging of Cr(VI) and
Se(IV)/Se(VI) into sparingly soluble Cr(III) and Se(0)/Se(-II) has been
considered as a promising process for the effective remediation and
detoxication of Cr- or Se-contaminated wastewater.
In the past decades, chemical reduction technology based
on zerovalent iron (ZVI) has been widely utilized in environmental remediation for an array of important contaminants like
heavy metals and metalloids, owing to its fairly strong reducing power (E0 = −0.44 V) as well as signiﬁcant advantages of large
surface area, high reactivity, simplicity and low cost [20–22]. In
recent years, nanoscale zerovalent iron (NZVI) has been recognized more reactive than conventional iron powder or ﬁlings
due to its larger speciﬁc surface area and possibly its nanoscale
effects. As one of the popular engineered nanomaterials, NZVI has
been increasingly employed for the in-situ remediation of contaminated groundwater and/or soil sites, which contain various
organics and heavy metals [23–27]. However, the NZVI particles
with poor dispersion ability can be easy to corrosion under operational conditions, contributing to its instability and rapid loss of
reactivity. Besides, the NZVI particles tend to associate into fractal aggregates or dendrimer because of the chemical and magnetic
interactions. This aggregation phenomenon signiﬁcantly affected
the transport of NZVI in porous media to target contaminated
sites, which was a central obstacle for the practical applications
of NZVI in in-situ groundwater remediation [5,26]. Therefore, efﬁcient manipulating NZVI to improve its scavenging performance
and retard its corrosion should be pivotal but challenging issues.
Hence, numerous efforts have been made to prevent its aggregation and promote its mobility by decorating NZVI surface. In
this respect, immobilization of NZVI onto a suitable solid support has been generally suggested as an effective approach to
decrease the aggregation, and improve the dispersion and stability of NZVI. With regard to this aspect, a variety of mechanical
supports including resins [28], natural clay minerals (montmorillonite, sepiolite, diatomite, bentonite, illite, smectite) [29–35],
layered double hydroxide [36], mesoporous silica [37], Mg(OH)2
[38], chitosan beads [39], carbonaceous material (activated carbon,

biochar, multiwalled carbon nanotubes, graphene oxides) [40–48]
have been developed. The combination of all these supports with
NZVI particles could realize the enhanced performance in contaminant scavenging, which has been experimentally displayed in
recent studies [28–48].
Recently, titanate nanotubes (TNT) have attracted more and
more attention in environmental pollution control owning to their
unique tube structure and many outstanding physicochemical
properties. TNT possesses large surface area and pore volume with
abundant surface hydroxyl groups, and can be easily prepared by
a simple hydrothermal method, making it as a potential adsorbent
for removing heavy metals or radionuclides in water [49–60]. Ni
and co-authors [50–54] investigated the adsorption of metal ions
(Pb(II), Cd(II), Tl(I), Tl(III), Cu(II) and Cr(III)) onto TNT, and they
found that TNT is an excellent adsorbent for scavenging metal ions
in wastewaters. We observed that TNT exhibits a high adsorption
capacity for Ni(II), Eu(III) Th(VI), Se(IV)/Se(VI) and U(VI) with great
potential for full-scale treatment in nuclear waste management
[55–60]. However, to our knowledge, no attention has been paid
to the usage of TNT as a potential support of NZVI particles.
Therefore, in this work, we ﬁrstly conducted an investigation
about the decoration of NZVI with TNT in the enhanced scavenging
of Cr(VI) and Se(VI). The speciﬁc goals were to: (1) synthesize and
characterize the nanocomposite of TNT-supported NZVI; (2) compare the performance on scavenging of Cr(VI) and Se(VI) by bare
and supported NZVI; (3) determine the effects of co-existing HA
or FA on the scavenging efﬁciency; (4) reveal the precise role (like
enrichment of Cr(VI) and Se(VI), pH buffering effect, as well as scavenger for co-existing HA or FA and corrosion products produced
in situ during reaction) of TNT in the NZVI reaction system using
macroscopic and spectroscopic approaches namely X-ray photoelectron spectroscopy (XPS) and X-ray absorption ﬁne structure
(XAFS).

2. Experimental section
2.1. Materials and chemicals
All chemicals including FeSO4 ·7H2 O, NaBH4 , NaOH, HCl,
K2 Cr2 O7 , CrCl3 , Na2 SeO4 , Se and FeSe were purchased in analytical
purity and utilized without any further puriﬁcation. Commercial
zero valent iron (ZVI) was purchased from Shanghai Chemical,
China. The detailed process of the extraction and characterization of fulvic acid (FA) and humic acid (HA) has been given in our
previous work [61,62]. All the solutions used in the experiments
were prepared with de-ionized water. According to the methods
in our previous reports [44,58–60,63], the support titanate nanotubes (TNT) were synthesized by a simple hydrothermal procedure
from TiO2 particles. The nanoscale zero valent iron (NZVI) was
synthesized by a NaBH4 reduction procedure. The nanocomposite
namely titanate nanotubes supported nanoscale zero valent iron
(NZVI/TNT) was synthesized by a similar procedure for NZVI except
that ∼10.0 g of TNT was immersed in FeSO4 ·7H2 O solution under
continuous stirring. The detailed procedures are presented in the
supporting information (SI).
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2.2. Macroscopic and spectroscopic approaches
In order to test the scavenging performance of NZVI and TNTsupported NZVI, appropriate amount of each sample with the same
iron content of 0.4800 g/L was added to 100 mL solution of K2 Cr2 O7
(Cr(VI)) or Na2 SeO4 (Se(VI)) in de-ionized water (concentration
of Cr(VI) is 50.0 mg/L, while concentration of Se(VI) is 25.0 mg/L),
which was previously deoxygenated by N2 stream for 30.0 min
at room temperature in a conical ﬂask. Tests were conducted at
pH ∼ 6.0 in the absence or presence of 10.0 mg/L HA or FA with
various reaction times. The pH of the suspensions was adjusted
with 0.1 mol/L of NaOH or HNO3 using a pH meter. During the reaction, the conical ﬂask was kept sealed with a stopper. At given time
intervals, a volume of the under study suspension (∼3.0 mL) was
withdrawn and ﬁltered through a 0.22 m membrane followed by
the analysis of Cr(VI) or Se(VI) concentrations. The concentration
of Cr(VI) was then determined by using the 1,5-diphenylcarbazide
method. Whereas, the concentration of Se(VI) was determined
by Hydride generation atomic absorption spectrometry (HG-AAS,
(AA-6300C, Shimadzu)) [4,5,44]. To collect enough products for
spectroscopic analysis, batch experiments of Cr(VI) and Se(VI) scavenging were conducted in a 1000-mL conical ﬂask. The solution
of Cr(VI) and Se(VI) was mixed with the materials under certain
conditions. The solid products were ﬁltered through a 0.22-m
membrane after reaction, and washed with absolute ethanol, ﬁnally
vacuum-dried. The collected solids were stored in N2 atmosphere.
The solid materials were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), zeta potentials, X-ray photoelectron spectroscopy (XPS), as well as X-ray absorption ﬁne
structure (XAFS). The Cr K-edge XAFS spectra at ∼5989 eV and Se
K-edge XAFS spectra at ∼12684.5 eV were recorded at the beamline 14W in Shanghai Synchrotron Radiation Facility (SSRF, China).
Analysis of extended X-ray absorption ﬁne structure (EXAFS) and
X-ray absorption near edge structure (XANES) was performed using
Athena and Artemis interfaces of the IFFEFIT software [58–63]. The
detailed methods for these determinations are displayed in the SI.

3. Results and discussion
3.1. Identiﬁcation of structural information
The surface morphology and phrase structures of the materials were characterized by N2 -BET, XRD and SEM. The N2
adsorption–desorption isotherm and corresponding pore size distribution of the materials are presented in Fig. S1A, and B,
respectively. The shape of the isotherms seem to be nearly type
IV isotherm according to the IUPAC classiﬁcation, suggesting the
presence of mesoporous in the size range of 0.1–100 nm [63]. The
N2 -BET surface areas, on the basis of N2 adsorption–desorption
isotherms, were determined to be 0.77 m2 /g for ZVI, 116.1 m2 /g
for TNT, 47.4 m2 /g for NZVI, and 66.5 m2 /g for NZVI/TNT, respectively. The XRD patterns of NZVI and NZVI/TNT before or after
reaction are presented in Fig. S2. For all samples, the diffraction
peak at 2∼45.10 is characterized of the (110) crystal plane of
Fe0 (JCPDS No. 06-0696) in the freshly as-synthesized iron sources
[63]. Besides, for NZVI/TNT, the peaks at ∼10◦ , ∼30◦ and ∼50◦
are attributed to TNT structure [57–59]. Moreover, the peak at
2∼45.10 changes little even after reaction for 4.0 run, indicating that NZVI exhibits good stability upon TNT immobilization.
Meanwhile, the surface morphology of TNT, NZVI, and NZVI/TNT
analyzed by SEM images is presented in Fig. S3. It is clear that the
spherical NZVI particles exist as prominent chain-like aggregates
(Fig. S3A), while TNT displays a tube structure of ∼50 nm in outer
diameter and hundreds nanometers in length (Fig. S3B). Nevertheless, both structures can be observed in the SEM image (Fig. S3C) of

NZVI/TNT sample, indicating that NZVI was well dispersed on TNT
support.
3.2. Macroscopic evidence of the enhanced scavenging of Cr(VI)
and Se(VI)
We ﬁrst compared the scavenging performance and rate of
Cr(VI) and Se(VI) onto different kinds of reactive materials, and
the results are displayed in Fig. 1. The efﬁciencies of Cr(VI) and
Se(VI) scavenged onto the materials are presented in Fig. 1A, and
B, respectively. It can be seen that ∼21.8% of Cr(VI) and ∼25.7% of
Se(VI) was scavenged onto TNT mainly due to an adsorptive interaction after contacting 100 min. Meanwhile, ∼21.8% of Cr(VI) and
∼17.8% of Se(VI) was scavenged onto ZVI mainly due to a reductive
interaction. In addition, ∼59.6% of Cr(VI) and ∼63.5% of Se(VI) was
scavenged onto NZVI after contacting 100 min, which is in good
consistent with previous investigations [64–66]. This is a common
phenomenon that NZVI nanoparticles exhibited much higher reactivity than ZVI did because of the lower particle size and larger
surface area [30–32]. Furthermore, we can see that ∼96.1% of Cr(VI)
and ∼91.7% of Se(VI) was scavenged onto NZVI/TNT via a reductive
interaction. This ﬁnding suggests that TNT can obviously enhance
the scavenging performance of NZVI towards Cr(VI) and Se(VI).
What is more, we can also see that the efﬁciencies of both Cr(VI) and
Se(VI) scavenged onto NZVI/TNT were higher than the sun of TNT
adsorption and NZVI reduction, indicating that THT may impose
some synergistic effect in the NZVI reaction system.
The scavenging rates of Cr(VI) and Se(VI) onto the materials were further obtained by ﬁtting the kinetic data using the
pseudo ﬁrst-order reaction, which is expressed as the following,
ln(c/c0 ) = −kobs × t, herein, kobs (min−1 ) that is indicative of the reactivity of a given material, is the pseudo ﬁrst-order rate constant
[47]. The plots of ln(c/c0 ) versus t gave an almost linear plots with
the correlation coefﬁcients (R2 ) higher than 0.9 (data not shown),
demonstrating that the scavenging rates of Cr(VI) and Se(VI) could
be well described by the pseudo ﬁrst-order model. Besides, the rate
constants of
Cr(VI) scavenging were determined to be 0.0281 min−1 for
NZVI/TNT, 0.0097 min−1 for NZVI, 0.0023 min−1 for ZVI and
0.0019 min−1 for TNT, respectively. Meanwhile, the rate constants of Se(VI) scavenging were determined to be 0.0252 min−1
for NZVI/TNT, 0.0091 min−1 for NZVI, 0.0021 min−1 for ZVI and
0.0018 min−1 for TNT, respectively (Fig. 1C). We can see that the values of rate constants were obviously enhanced when NZVI particles
were supported on TNT surfaces, suggesting the well improvement
of reactivity of NZVI upon an immobilization procedure. It was generally reported that NZVI-induced scavenging of Cr(VI) and Se(VI) is
a surface reaction, and thus the scavenging efﬁciency of Cr(VI) and
Se(VI) is positively related to the concentration of Cr(VI) and Se(VI)
at the vicinity of NZVI surface [4,44]. Therefore, a transient enrichment step of Cr(VI) and Se(VI) at the solid surface is very necessary
for the scavenging of Cr(VI) and Se(VI) onto the materials. Herein,
the adsorption of Cr(VI) and Se(VI) onto TNT as a function of pH was
evaluated, and the results indicate that TNT showed high adsorption capacity to Cr(VI) and Se(VI) over a wide pH range (Fig. S4).
Hence, more Cr(VI) and Se(VI) ions can be enriched at the interface,
which facilitated Cr(VI) and Se(VI) approaching the reactive sites
of NZVI/TNT more easily, thereby accelerating the surface reaction.
These results suggested that NZVI/TNT was a promising material
for in situ remediation of Cr(VI) and Se(VI) in groundwater.
In addition, humic substances (HSs), such as HA and FA, are
common co-existing constituents in groundwater and can impose
great effect on contaminant scavenging by NZVI. Generally regarding, HSs exhibit a pronounced inhibitory effect on contaminants
scavenging by NZVI, which was mainly due to the competition for
reactive sites between adsorbed HA and the target contaminants
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Fig. 1. The efﬁciencies of (A) Cr(VI) and (B) Se(VI) scavenging by various reactive nanomaterials, ( ) ZVI, (
constants for Cr(VI) and Se(VI) reaction.

[44]. Herein, the effect of HA or FA on Cr(VI) and Se(VI) scavenging
by NZVI and NZVI/TNT are presented in Fig. S5A and B, respectively. An obvious inhibitory effect of HA or FA on Cr(VI) and Se(VI)
scavenging can be observed in both NZVI and NZVI/TNT reaction
systems. The efﬁciencies of Cr(VI) and Se(VI) scavenged onto NZVI
after contacting 100 min decreased from ∼59.6% and ∼63.5% without HA or FA, to ∼39.4% and ∼42.9% with HA, as well as ∼40.1% and
∼53.7% with FA, respectively. This inhibitory effect of HSs on the
reactivity of iron is in good consistent with the proposition reported
by Wang et al. [67–69], wherein, it was found that HA had an
inhibitory effect on Cr(VI) scavenged onto NZVI. HA was adsorbed
on NZVI surface and occupied the reactive sites, thus contributing
to the decreased reduction of Cr(VI). The greater the adsorbed HA
was, the more obvious this inhibitory effect was [24]. Meanwhile,
the efﬁciencies of Cr(VI) and Se(VI) scavenged onto NZVI/TNT after
contacting 100 min decreased from ∼96.1% and ∼91.7% without HA
or FA, to ∼83.6% and ∼83.8% with HA, as well as ∼80.2% and ∼79.6%
with FA, respectively. That is to say, the inhibitory effect of HA or FA
was less conspicuous in the NZVI/TNT reaction system that in the
NZVI reaction system. It was reported that both HA and FA could
be easily adsorbed on TNT surface via an electrostatic attraction
[57–59]. The zeta potentials of TNT, HA, FA and their hybrids as
a function of pH are shown in Fig. S5C. We can see that both HA
and FA are negatively-charged over the pH range of 2.0-8.0, while
the TNT samples are positively-charged at pH < 6.0, facilitating the
adsorption of HA or FA onto TNT surfaces. The adsorption of HA or
FA on TNT is believed to prevent further adsorption of HA or FA
on iron surfaces in the NZVI/TNT reaction system (Fig. S6), thereby,
more reactive sites can be exposed to Cr(VI) and Se(VI), enhancing
the scavenging performance. This result demonstrates that TNT can

) TNT, (
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) NZVI/TNT, and (C) the comparison of rate

not only act as stabilizer and disperser of NZVI particles, but also
as a scavenger for co-existing HA or FA that can decrease potential
reactivity of NZVI.
3.3. Spectroscopic insights into the mechanism aspects
In order to further identify the synergistic effect between TNT
adsorption and NZVI reduction that leads to the enhanced scavenging of Cr(VI) and Se(VI) by NZVI/TNT at a molecular level, we used
spectroscopic methods namely XPS and XAFS to obtain mechanism
insights into Cr(VI) and Se(VI) scavenging. The high resolution XPS
spectra of Fe2p for the NZVI samples before or after Cr(VI)/Se(VI)
scavenging, as well as for the NZVI/TNT samples before or after
Cr(VI)/Se(VI) scavenging are presented in Fig. 2. It is clear that three
iron species with different oxidation state (i.e., Fe(0), Fe(II) and
Fe(III)) are simultaneously present in the six samples. The peaks
located at binding energies of ∼710.6 and ∼723.4 eV are due to
the Fe(II) species, whereas the peaks located at binding energies
of ∼712.2 and ∼726.5 eV with a satellite signal at ∼718.3 eV are
due to the Fe(III) species. The peak located at binding energies of
∼706.6 is ascribed to metallic Fe(0) species [5,70]. The ratio of these
iron species noticeably changed after Cr(VI) and Se(VI) scavenging,
which can be reﬂected by the change of their peak areas. The calculated ratios of Fe(III)/Fe(II) of both NZVI and NZVI/TNT samples
distinctly increased after Cr(VI) and Se(VI) scavenging, which suggests that the proportion of Fe(III) increased while the amount of
Fe(II) decreased after reaction. These results revealed that all Fe(0),
Fe(II), and Fe(III) species simultaneously involved the reductive
scavenging of Cr(VI) and Se(VI), and surface-bound Fe(II) played
a critical role during the reaction.
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Fig. 2. The high resolution XPS spectra of Fe2p for the as-synthesized NZVI before (A) or after (C) Cr(VI) and (E) Se(VI) scavenging, as well as for NZVI/TNT nanocomposite
before (B) or after (D) Cr(VI) and (F) Se(VI) scavenging.

We further used XAFS to identify the reaction products of Cr(VI)
and Se(VI) scavenged onto NZVI and NZVI/TNT and gain microscopic insights into the reaction mechanism. XAFS is very useful
to determine the oxidation state and coordination environment of
a target metal onto a surface [71–75]. In this work, the XANES (Fig.
S7) and EXAFS (Fig. 3) spectra were collected from Cr(VI)- or Se(VI)treated TNT, NZVI and NZVI/TNT samples. The XANES spectra of
both Cr(VI) and Se(VI) reference and treated samples are shown in
Fig. S7A and B, respectively. The XANES spectra display signiﬁcant
differences between various samples, thus indicating the various
oxidation states of Cr or Se. Generally, it is well known that the
edge position moved toward lower energy ranges with the oxidation states decreasing. The species of Cr or Se after reaction can
be identiﬁed through an examination of the edge position [4,44].
For the samples of Cr(VI)- or Se(VI)-treated TNT, the XANES spectra
resemble those of reference Cr(VI) or Se(VI) samples, indicating that
Cr(VI) and Se(VI) are scavenged onto TNT via an adsorptive interaction. For the samples of Cr(VI)- or Se(VI)-treated NZVI/TNT, the

XANES spectra resemble those of reference Cr(III) or FeSe samples,
demonstrating that Cr(VI) and Se(VI) are scavenged onto NZVI/TNT
via a reductive interaction. Nevertheless, for the sample of Cr(VI)treated with NZVI, a small pre-edge feature is observed in XANES
spectrum, while for the sample of Se(VI)-treated with NZVI, the
absorption edge resembles that of reference Se(0) and Se(VI). These
results suggested that Cr(VI) and Se(VI) are scavenged onto NZVI via
a combined reduction by iron and adsorption by corrosion products.
The Cr and Se K-edge background subtracted, k-weighted and
Fourier transformed EXAFS spectra of the different reference as
well as reaction samples are presented in Fig. 3A and B, respectively, and the ﬁtting results are presented in Table S1. For the
Cr(VI)- or Se(VI)-treated TNT samples, the spectral ﬁts showed that
Cr is coordinated with ∼3.8O at RCr-O ∼ 1.66 Å, and Se is coordinated with ∼4.0 O at RSe-O ∼ 1.64 Å. These distances are in good
agreement with the Cr-O distance of Cr(VI) and Se-O distance
of Se(VI), suggesting that both Cr(VI) and Se(VI) are adsorbed
on TNT surface. For the Cr(VI)- or Se(VI)-treated NZVI samples,

B. Hu et al. / Journal of Hazardous Materials 336 (2017) 214–221

219

Fig. 3. The extended X-ray absorption ﬁne structure (EXAFS) spectra of reference samples and reacted samples for (A) Cr(VI) and (B) Se(VI) scavenged onto different reactive
nanomaterials.

the spectral ﬁts showed that Cr is coordinated with ∼5.9 O at
RCr-O ∼ 1.95 Å and ∼1.7 Cr/Fe at RCr-Cr/Fe ∼ 3.03 Å, while Se is coordinated with ∼3.1 O at RSe-O ∼ 1.65 Å, ∼3.7 Fe at RSe-Fe ∼ 2.42 Å,
and ∼7.1 Fe at RSe-Fe ∼ 4.07 Å. These results suggests that adsorption and reduction concurrently occurred during Cr(VI) and Se(VI)
scavenged onto NZVI. In addition, for the Cr(VI)- or Se(VI)-treated
NZVI samples, the spectral ﬁts showed that Cr is coordinated
with ∼6.1 O at RCr-O ∼ 2.05 Å, ∼1.9 Cr/Fe at RCr-Cr/Fe ∼ 3.04 Å and
∼1.7 Ti at RCr-Ti ∼ 3.57 Å, while Se is coordinated with ∼3.7
Fe at RSe-Fe ∼ 2.42 Å, ∼7.1 Fe at RSe-Fe ∼ 4.07 Å, and ∼1.4 Ti at
RSe-Ti ∼ 3.46 Å. These results indicated that TNT could act as a scavenger for the insoluble products during reaction, and thus decrease
the accumulation of the insoluble products on NZVI surface, in this
way, more reactive surface sites can be used for Cr(VI) and Se(VI)
reduction. From the EXAFS analysis, we can ﬁnd that adsorption
and reduction concurrently occurred for Cr(VI) and Se(VI) scavenging in both reaction systems. It was reported that both reactive sites
and non-reactive sites were present on iron surfaces, the adsorption takes place on both non-reactive and reactive sites, whereas
the reduction takes place only on the reactive sites. Thus, a conceptual model of Cr(VI) and Se(VI) scavenging on iron sources could be
proposed. Firstly, Cr(VI) and Se(VI) attracted to interfaces with fast
rate and formed an inner-sphere complexes. Then, Cr(VI) and Se(VI)
were reduced into Cr(III) and Se(0)/Se(-II) by Fe2+ and/or Fe0 , and
the insoluble products accumulated on solid surfaces. Meanwhile,
Fe2+ and/or Fe0 were oxidized and precipitated as iron hydroxides,
leading to the growing of corrosion products on surfaces. In this
way, NZVI can not completely reduce Cr(VI) and Se(VI) into Cr(III)
and Se(0)/Se(-II) due to the adsorption of some of Cr(VI) and Se(VI)
onto corrosion products. Besides, the use of TNT as a support can
effectively promote the transformation of Cr(VI) and Se(VI) into
Cr(III) and Se(0)/Se(-II) by NZVI due to the accumulation of some
corrosion products on TNT surface, providing more reactive sites
for Cr(VI) and Se(VI) reduction.
In light of these results, we can discuss the reaction between Cr(VI)/Se(VI) and NZVI sources during
the scavenging process. When NZVI sources present

in Cr(VI)/Se(VI), the reduction of Cr(VI)/Se(VI) by Fe0
is
favorable
(Fe0 + CrO4 2− + 6H+ → Fe2+ + Cr3+ + 3H2 O,
proceeding
via
Fe0 + SeO4 2− + 6H+ → Fe2+ + FeSe + 3H2 O),
direct
electron
transfer
from
Fe00
to
Cr(VI)/Se(VI).
While, the reaction between Cr(VI)/Se(VI) and surface
bound
Fe(II)
(Fe2+ + CrO4 2− + 6H+ → Fe3+ + Cr3+ + 3H2 O,
2+
+
3+
2−
Fe + SeO3 + 6H → Fe + FeSe + 3H2 O) occur spontaneously,
which is another way for the reductive scavenging of Cr(VI)/Se(VI).
Moreover, these reactive adsorbed Fe(II) can be regenerated
through electron transfer between these Fe species in the system (Fe3+ + Fe0 → Fe2+ ) [5,63]. The good performance of the
NZVI/TNT nanocomposite suggests that NZVI/TNT can be used for
environmental remediation of Cr(VI) and Se(VI) from wastewater.

4. Conclusions
In summary, the TNT was used as a template to synthesize highly
dispersed NZVI with superior reactivity, and characterization with
SEM and XRD analyses demonstrated that the presence of TNT contributed to a decrease in the aggregation of NZVI and little of iron
oxides can be formed on NZVI surface. The macroscopic experimental results showed that the NZVI/TNT nanocomposite exhibited
an enhanced scavenging of Cr(VI) and Se(VI) in water. The spectroscopic analysis unraveled that, in the supported NZVI reaction
system, more Cr(VI) and Se(VI) with high toxic and mobility could
be reduced into Cr(III) and Se(0)/Se(-II) with low toxic and mobility
owning to the high reactivity of surface adsorbed Fe(II), i.e., Cr(VI)
and Se(VI) could be almost completely reduced into Cr(III) and
Se(0)/Se(-II) by NZVI/TNT, while partial reduction occurred on NZVI
with a trace of Cr(VI) and Se(VI) adsorbed on the corrosion products.
Furthermore, TNT acted as a scavenger for the insoluble products,
and thus decreased the products on NZVI surfaces, which could
facilitate NZVI non-agglomeration, and provide more reactive sites
for Cr(VI)/Se(VI) reduction. So, the rate and extent of Cr(VI)/Se(VI)
scavenging enhanced. These ﬁndings provide new insights into the
potential application of NZVI/TNT in the Cr(VI)/Se(VI) immobilization in contaminated wastewater.

220

B. Hu et al. / Journal of Hazardous Materials 336 (2017) 214–221

Acknowledgement
Financial supports from the National Natural Science Foundation of China (21577093 and 21207092), Natural Science
Foundation of Zhejiang Province (LY15B070001) is greatly
acknowledged. The authors also thank beamline BL14W1 (Shanghai Synchrotron Radiation Facility) for providing the beam time.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhazmat.2017.04.
069.
References
[1] L. Charlet, M. Kang, F. Bardelli, R. Kirsch, A. Géhin, J.M. Grenèche, F. Chen,
Nanocomposite pyrite–greigite reactivity toward Se(IV)/Se(VI), Environ. Sci.
Technol. 46 (2012) 4869–4876.
[2] D.B. Li, Y.Y. Cheng, C. Wu, W.W. Li, N. Li, Z.C. Yang, Z.H. Tong, H.Q. Yu, Selenite
reduction by Shewanella oneidensis MR-1 is mediated by fumarate reductase
in periplasm, Sci. Rep. 4 (2014) 1–7.
[3] Y. Mu, Z. Ai, L. Zhang, F. Song, Insight into core–shell dependent anoxic Cr(VI)
removal with Fe@Fe2 O3 nanowires: indispensable role of surface bound
Fe(II), ACS Appl. Mater. Interfaces 7 (2015) 1997–2005.
[4] G. Sheng, J. Hu, H. Li, J. Li, Y. Huang, Enhanced sequestration of Cr(VI) by
nanoscale zero-valent iron supported on layered double hydroxide by batch
and XAFS study, Chemosphere 148 (2016) 227–232.
[5] X. Li, L. Ai, J. Jiang, Nanoscale zerovalent iron decorated on graphene
nanosheets for Cr(VI) removal from aqueous solution: surface corrosion
retard induced the enhanced performance, Chem. Eng. J. 288 (2016) 789–797.
[6] C. Tang, Y. Huang, Z. Zhang, J. Chen, H. Zeng, Y.H. Huang, Rapid removal of
selenate in a zero-valent iron/Fe3 O4 /Fe2+ synergetic system, Appl. Catal. B:
Environ. 184 (2016) 320–327.
[7] C. Tang, Y.H. Huang, H. Zeng, Z. Zhang, Reductive removal of selenate by
zero-valent iron: the roles of aqueous Fe2+ and corrosion products, and
selenate removal mechanisms, Water Res. 67 (2014) 166–274.
[8] I. Yoon, K. Kim, S. Bang, M.G. Kim, Reduction and adsorption mechanisms of
selenate by zero-valent iron and related iron corrosion, Appl. Catal. B:
Environ. 104 (2011) 185–192.
[9] L. Liang, W. Yang, X. Guan, J. Li, Z. Xu, J. Wu, Y. Huang, X. Zhang, Kinetics and
mechanisms of pH-dependent Se(IV) removal by zero valent iron, Water Res.
47 (2013) 5846–5855.
[10] L. Liang, X. Guan, Y. Huang, J. Ma, X. Sun, J. Qiao, G. Zhou, Efﬁcient selenate
removal by zero-valent iron in the presence of weak magnetic ﬁeld, Sep. Purif.
Technol. 156 (2015) 1064–1072.
[11] J.T. Olegario, N. Yee, M. Miller, J. Sczepaniak, B. Manning, Reduction of Se(VI)
to Se(-II) by zerovalent iron nanoparticle suspensions, J. Nanopart. Res. 12
(2010) 2057–2068.
[12] L. Ling, B. Pan, W. Zhang, Removal of selenium from water with nanoscale
zero-valent iron: mechanisms of intraparticle reduction of Se(IV), Water Res.
71 (2015) 274–281.
[13] L. Liang, X. Guan, Z. Shi, J. Li, Y. Wu, P.G. Tratnyek, Coupled effects of aging and
weak magnetic ﬁelds on sequestration of selenite by zero-valent iron,
Environ. Sci. Technol. 48 (2014) 6326–6334.
[14] L. Liang, W. Sun, X. Guan, Y. Huang, W. Choi, H. Bao, L. Li, Z. Jiang, Weak
magnetic ﬁeld signiﬁcantly enhances selenite removal kinetics by zero valent
iron, Water Res. 1 (2014) 371–380.
[15] X. Sun, Y. Yan, J. Li, W. Han, L. Wang, SBA-15-incorporated nanoscale
zero-valent iron particles for chromium(VI) removal from groundwater:
mechanism, effect of pH, humic acid and sustained reactivity, J. Hazard.
Mater. 266 (2014) 26–33.
[16] L. Shi, X. Zhang, Z. Chen, Removal of chromium(VI) from wastewater using
bentonite-supported nanoscale zero-valent iron, Water Res. 45 (2011)
886–892.
[17] L. Shi, Y. Lin, X. Zhang, Z. Chen, Synthesis, characterization and kinetics of
bentonite supported nZVI for the removal of Cr(VI) from aqueous solution,
Chem. Eng. J. 171 (2011) 612–617.
[18] X. Lv, Z. Chen, Y. Wang, F. Huang, Z. Lin, Use of high-pressure CO2 for
concentrating CrVI from electroplating wastewater by Mg–Al layered double
hydroxide, ACS Appl. Mater. Interfaces 5 (2013) 11271–11275.
[19] L. Tang, G. Yang, G. Zeng, Y. Cai, S. Li, Y. Zhou, Y. Pang, Y. Liu, Y. Zhang, B. Luna,
Synergistic effect of iron doped ordered mesoporous carbon on
adsorption-coupled reduction of hexavalent chromium and the relative
mechanism study, Chem. Eng. J. 239 (2014) 114–122.
[20] X. Guan, Y. Sun, H. Qin, J. Li, I.M.C. Lo, D. He, H. Dong, The limitations of
applying zero-valent iron technology in contaminants sequestration and the
corresponding countermeasures: the development in zero-valent iron
technology in the last two decades (1994–2014), Water Res. 75 (2015)
224–248.

[21] Y. Sun, X. Guan, J. Wang, X. Meng, C. Xu, G. Zhou, Effect of weak magnetic ﬁeld
on arsenate and arsenite removal from water by zerovalent iron: an XAFS
investigation, Environ. Sci. Technol. 48 (2014) 6850–6858.
[22] J. Li, Z. Shi, B. Ma, P. Zhang, X. Jiang, Z. Xiao, X. Guan, Improving the reactivity
of zerovalent iron by taking advantage of its magnetic memory: implications
for arsenite removal, Environ. Sci. Technol. 49 (2015) 10581–10588.
[23] W. Wang, Y. Hua, S. Li, W. Yan, W. Zhang, Removal of Pb(II) and Zn(II) using
lime and nanoscale zero-valent iron (nZVI): a comparative study, Chem. Eng.
J. 304 (2016) 79–88.
[24] H. Dong, K. Ahmad, G. Zeng, Z. Li, G. Chen, Q. He, Y. Xie, Y. Wu, F. Zhao, Y. Zeng,
Inﬂuence of fulvic acid on the colloidal stability and reactivity of nanoscale
zero-valent iron, Environ. Poll. 211 (2016) 363–369.
[25] C. Ding, W. Cheng, Y. Sun, X. Wang, Effects of Bacillus subtilis on the reduction
of U(VI) by nano-Fe0 , Geochim. Cosmochim. Acta 165 (2015) 86–107.
[26] J. Liu, A. Liu, W. Zhang, The inﬂuence of polyelectrolyte modiﬁcation on
nanoscale zero-valent iron (nZVI): aggregation, sedimentation, and reactivity
with Ni(II) in water, Chem. Eng. J. 303 (2016) 268–274.
[27] X. Zhao, W. Liu, Z. Cai, B. Han, T. Qian, D. Zhao, An overview of preparation and
applications of stabilized zero-valent iron nanoparticles for soil and
groundwater remediation, Water Res. 100 (2016) 245–266.
[28] Z. Jiang, L. Lv, W. Zhang, Q. Du, B. Pan, L. Yang, Q. Zhang, Nitrate reduction
using nanosized zero-valent iron supported by polystyrene resins: role of
surface functional groups, Water Res. 45 (2011) 2191–2198.
[29] N. Arancibia-Miranda, S.E. Baltazar, A. García, D. Munoz-Lira, P. Sepúlveda,
M.A. Rubio, D. Altbir, Nanoscale zero valent iron supported by zeolite and
montmorillonite: template effect of the removal of lead ion from an aqueous
solution, J. Hazard. Mater. 301 (2016) 371–380.
[30] R. Fu, Y. Yang, Z. Xu, X. Zhang, X. Guo, D. Bi, The removal of chromium(VI) and
lead(II) from groundwater using sepiolite-supported nanoscale zero-valent
iron (S-NZVI), Chemosphere 138 (2015) 726–734.
[31] G. Sheng, P. Yang, Y. Tang, Q. Hu, H. Li, X. Ren, B. Hu, X. Wang, Y. Huang, New
insights into the primary roles of diatomite in the enhanced sequestration of
UO2 2+ by zerovalent iron nanoparticles: an advanced approach utilizing XPS
and EXAFS, Appl. Catal. B: Environ. 193 (2016) 189–197.
[32] G. Sheng, X. Shao, Y. Li, J. Li, H. Dong, W. Cheng, X. Gao, Y. Huang, Enhanced
removal of U(VI) by nanoscale zerovalent iron supported on Na-bentonite and
an investigation of mechanism, J. Phys. Chem. A 118 (2014) 2952–2958.
[33] A. Soliemanzadeh, M. Fekri, The application of green tea extract to prepare
bentonite-supported nanoscale zero-valent iron and its performance on
removal of Cr(VI): effect of relative parameters and soil experiments,
Microporous Mesoporous Mater. 239 (2017) 60–69.
[34] C. Jing, Y. Li, R. Cui, J. Xu, Illite-supported nanoscale zero-valent iron for
removal of 238 U from aqueous solution: characterization, reactivity and
mechanism, J. Radioanal. Nucl. Chem. 304 (2015) 859–865.
[35] C. Gu, H. Jia, H. Li, J.B. Teppen, A.S. Boyd, Synthesis of highly reactive
subnanosized zero-valent iron using smectite clay templates, Environ. Sci.
Technol. 44 (2010) 4258–4263.
[36] G. Sheng, Y. Tang, W. Linghu, L. Wang, J. Li, H. Li, X. Wang, Y. Huang, Enhanced
immobilization of ReO4 − by nanoscale zerovalent iron supported on layered
double hydroxide via an advanced XAFS approach: implications for TcO4 −
sequestration, Appl. Catal. B: Environ. 192 (2016) 268–276.
[37] E. Petala, K. Dimos, A. Douvalis, T. Bakas, J. Tucek, R. Zboril, M. Karakassides,
Nanoscale zero-valent iron supported on mesoporous silica: characterization
and reactivity for Cr(VI) removal from aqueous solution, J. Hazard. Mater. 261
(2013) 295–306.
[38] M. Liu, Y. Wang, L. Chen, Y. Zhang, Z. Lin, Mg(OH)2 supported nanoscale zero
valent iron enhancing the removal of Pb(II) from aqueous solution, ACS Appl.
Mater. Interfaces 7 (2015) 7961–7969.
[39] T. Liu, X. Yang, Z. Wang, X. Yan, Enhanced chitosan beads-supported
Fe0 -nanoparticles for removal of heavy metals from electroplating
wastewater in permeable reactive barriers, Water Res. 47 (2013) 6691–6700.
[40] X. Wu, Q. Yang, D. Xu, Y. Zhong, K. Luo, X. Li, H. Chen, G. Zeng, Simultaneous
adsorption/reduction of bromate by nanoscale zerovalent iron supported on
modiﬁed activated carbon, Ind. Eng. Chem. Res. 52 (2013) 12574–12581.
[41] H. Su, Z. Fang, P.E. Tsang, J. Fang, D. Zhao, Stabilisation of nanoscale
zero-valent iron with biochar for enhanced transport and in-situ remediation
of hexavalent chromium in soil, Environ. Poll. 214 (2016) 94–100.
[42] X. Lv, J. Xu, G. Jiang, X. Xu, Removal of chromium(VI) from wastewater by
nanoscale zero-valent iron particles supported on multiwalled carbon
nanotubes, Chemosphere 85 (2011) 1204–1209.
[43] S. Zhang, D. Wang, X. Quan, L. Zhou, X. Zhang, Multi-walled carbon nanotubes
immobilized on zero-valent iron plates (Fe0 -CNTs) for catalytic ozonation of
methylene blue as model compound in a bubbling reactor, Sep. Purif. Technol.
116 (2013) 351–359.
[44] G. Sheng, A. Alsaedi, W. Shammakh, S. Monaquel, J. Sheng, X. Wang, H. Li, Y.
Huang, Enhanced sequestration of selenite in water by nanoscale zero valent
iron immobilization on carbon nanotubes by a combined batch, XPS and XAFS
investigation, Carbon 99 (2016) 123–130.
[45] J. Li, C. Chen, R. Zhang, X. Wang, Nanoscale zero-valent iron particles
supported on reduced graphene oxides by using a plasma technique and their
application for removal of heavy-metal ions, Chem. Asian J. 10 (2015)
1410–1417.
[46] J. Li, C. Chen, R. Zhang, X. Wang, Reductive immobilization of Re(VII) by
graphene modiﬁed nanoscale zero-valent iron particles using a plasma
technique, Sci. China Chem. 59 (2016) 150–158.

B. Hu et al. / Journal of Hazardous Materials 336 (2017) 214–221
[47] J. Li, C. Chen, K. Zhu, X. Wang, Nanoscale zero-valent iron particles modiﬁed
on reduced graphene oxides using a plasma technique for Cd(II) removal, J.
Taiwan Inst. Chem. E 59 (2016) 389–394.
[48] Y. Sun, C. Ding, W. Cheng, X. Wang, Simultaneous adsorption and reduction of
U(VI) on reduced graphene oxide-supported nanoscale zerovalent iron, J.
Hazard. Mater. 280 (2014) 399–408.
[49] H. Niu, J. Wang, Y. Shi, Y. Cai, F. Wei, Adsorption behavior of arsenic onto
protonated titanate nanotubes prepared via hydrothermal method,
Microporous Mesoporous Mater. 122 (2009) 28–35.
[50] W. Liu, J. Ni, X. Yin, Synergy of photocatalysis and adsorption for simultaneous
removal of Cr(VI) and Cr(III) with TiO2 and titanate nanotubes, Water Res. 53
(2014) 12–25.
[51] W. Liu, X. Zhao, T. Wang, D. Zhao, J. Ni, Adsorption of U(VI) by multilayer
titanate nanotubes: effects of inorganic cations, carbonate and natural organic
matter, Chem. Eng. J. 286 (2016) 427–435.
[52] W. Liu, P. Zhang, A.G.L. Borthwick, H. Chen, J. Ni, Adsorption mechanisms of
thallium(I) and thallium(III) by titanate nanotubes: ion-exchange and
co-precipitation, J. Colloid Interface Sci. 423 (2014) 67–75.
[53] T. Wang, W. Liu, L. Xiong, N. Xu, J. Ni, Inﬂuence of pH, ionic strength and
humic acid on competitive adsorption of Pb(II), Cd(II) and Cr(III) onto titanate
nanotubes, Chem. Eng. J. 215–216 (2013) 366–374.
[54] W. Liu, T. Wang, A.G.L. Borthwick, Y. Wang, X. Yin, X. Li, J. Ni, Adsorption of
Pb2+ , Cd2+ , Cu2+ and Cr3+ onto titanate nanotubes: competition and effect of
inorganic ions, Sci. Total Environ. 456–457 (2013) 171–180.
[55] G. Sheng, S. Yang, D. Zhao, J. Sheng, X. Wang, Adsorption of Eu(III) on titanate
nanotubes studied by a combination of batch and EXAFS technique, Sci. China
Chem. 55 (2012) 182–194.
[56] G. Sheng, H. Dong, R. Shen, Y. Li, Microscopic insights into the
temperature-dependent adsorption of Eu(III) onto titanate nanotubes studied
by FTIR, XPS, XAFS and batch technique, Chem. Eng. J. 217 (2013) 486–494.
[57] G. Sheng, B. Hu, Role of solution chemistry on the trapping of radionuclide
Th(IV) using titanate nanotubes as an efﬁcient adsorbent, J. Radioanal. Nucl.
Chem. 298 (2013) 455–464.
[58] G. Sheng, L. Ye, Y. Li, H. Dong, H. Li, X. Gao, Y. Huang, EXAFS study of the
interfacial interaction of nickel(II) on titanate nanotubes: role of contact time,
pH and humic substances, Chem. Eng. J. 248 (2014) 71–78.
[59] G. Sheng, J. Hu, A. Alsaedi, W. Shammakh, S. Monaquel, F. Ye, H. Li, Y. Huang,
A.S. Alshomrani, T. Hayat, B. Ahmad, Interaction of uranium(VI) with titanate
nanotubes by macroscopic and spectroscopic investigation, J. Mol. Liq. 212
(2015) 563–568.
[60] G. Sheng, W. Linghu, Z. Chen, D. Xu, A. Alsaedi, W. Shammakh, S. Monaquel, J.
Sheng, Sequestration of selenate and selenite onto titanate nanotube: a
combined classical batch and advanced EXAFS approach, Environ.
Nanotechnol. Monit. Manage. 6 (2016) 152–158.
[61] G. Sheng, Q. Yang, F. Peng, H. Li, X. Gao, Y. Huang, Determination of colloidal
pyrolusite, Eu(III) and humic substance interaction: a combined batch and
EXAFS approach, Chem. Eng. J. 245 (2014) 10–16.

221

[62] G. Sheng, R. Shen, H. Dong, Y. Li, Colloidal diatomite, radionickel and
humicsubstance interaction: a combined batch XPS and EXAFS investigation,
Environ. Sci. Poll. Res. 20 (2013) 3708–3717.
[63] B. Hu, F. Ye, X. Ren, D. Zhao, G. Sheng, H. Li, J. Ma, X. Wang, Y. Huang, X-ray
absorption ﬁne structure study of enhanced sequestration of U(VI) and Se(IV)
by montmorillonite decorated zerovalent iron nanoparticles, Environ. Sci.
Nano 3 (2016) 1460–1472.
[64] X. Lv, X. Xue, G. Jiang, D. Wu, T. Sheng, X. Xu, Nanoscale zero valent iron
(nZVI) assembled on magnetic Fe3 O4 /graphene for chromium (VI) removal
from aqueous solution, J. Colloid Interface Sci. 417 (2014) 51–59.
[65] X. Lv, G. Jiang, X. Xue, D. Wu, T. Sheng, C. Sun, X. Xu, Fe0 -Fe3 O4
nanocomposites embedded polyvinyl alcohol/sodium alginate beads for
chromium (VI) removal, J. Hazard. Mater. 262 (2013) 748–758.
[66] X. Lv, Y. Hu, J. Tang, T. Sheng, G. Jiang, X. Xu, Effects of co-existing ions and
natural organic matter on aqueous chromium(VI) removal by nanoscale zero
valent iron (NZVI)-Fe3 O4 nanocomposites, Chem. Eng. J. 218 (2013) 55–64.
[67] Q. Wang, N. Cissoko, M. Zhou, X.H. Xu, Effects and mechanism of humic acid
on chromium(VI) removal by zero-valent iron (Fe0 ) nanoparticles, Phys.
Chem. Earth 36 (2011) 442–446.
[68] H.S. Kim, J.Y. Ahn, C. Kim, S. Lee, I. Hwang, Effect of anions and humic acid on
the performance of nanoscale zero-valent iron particles coated with
polyacrylic acid, Chemosphere 113 (2014) 93–100.
[69] P.G. Tratnyek, M.M. Scherer, B. Deng, S. Hu, Effects of natural organic matter,
anthropogenic surfactant, and model quinones of the reduction of
contaminants by zero-valent iron, Water Res. 35 (2001) 4435–4443.
[70] T. Yamashita, P. Hayes, Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide
materials, Appl. Surf. Sci. 254 (2008) 2441–2449.
[71] M.J. Wharton, B. Atkins, J.M. Charnock, F.R. Livens, R.A.D. Pattrick, D. Collison,
An X-ray absorption spectroscopy study of the coprecipitation of Tc and Re
with mackinawite (FeS), Appl. Geochem. 15 (2000) 347–354.
[72] G. Sheng, S. Yang, Y. Li, X. Gao, Y. Huang, X. Wang, Retention mechanisms and
microstructure of Eu(III) on manganese dioxide studied by batch and high
resolution EXAFS technique, Radiochim. Acta 102 (2014) 155–167.
[73] G. Sheng, S. Yang, J. Sheng, J. Hu, X. Tan, X. Wang, Macroscopic and
microscopic investigation of Ni(II) sequestration on diatomite by batch, XPS
and EXAFS techniques, Environ. Sci. Technol. 45 (2011) 7718–7726.
[74] X. Gao, G. Sheng, Y. Huang, Mechanism and microstructure of Eu(III)
interaction with ␥-MnOOH by a combination of batch and high resolution
EXAFS Investigation, Sci. China Chem. 56 (2013) 1658–1666.
[75] X. Gao, S. Gu, Q. Gao, Y. Zou, Z. Jiang, S. Zhang, X. Wei, H. Yu, G. Sheng, P. Duan,
Y. Huang, A high-resolution X-ray ﬂuorescence spectrometer and its
application at SSRF, X-ray Spectrom. 42 (2013) 502–507.

