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ABSTRACT

This study investigated the effective trapping of Ni(II) ions by nanoscale zerovalent iron (NZVI) and
diatomite-supported NZVI (NZVI-D) nanoparticles prepared via a borohydride reduction method.
The confinement of iron crystal growth on the surface of diatomite leads to the formation of NZVI,
resulting in the decreased aggregation and oxidation of iron nanoparticles, which can be proved by
the analysis of structure, morphology and iron species. The batch experimental results indicated that
the removal of Ni(Il) by NZVI-D was higher than that by bare NZVI. Both the NZVI and NZVI-D
displayed dual role namely adsorption and reduction during Ni(II) removal process. The presence of
diatomite also improves the reducing capacity of NZVI by preventing agglomeration of NZVI, thus
increasing its reactive surface area. This can be proved by the X-ray absorption fine structure analysis,
which indicated that more Ni(I) ions can be reduced into Ni(0) by NZVI-D. This NZVI-D composite
has potential applications in cleaning up environmental toxic metals like Ni(I) from wastewater.
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1. Introduction

Heavy metal ions are among the priority pollutants since
they are not biodegradable, and consequently these metal
ions can accumulate in the natural water or soil environment,
which leads to the potential short-term and/or long-term
hazards [1-5]. Among these metal ions, nickel (Ni(I)) ion has
been widely used in stainless steel, manufacturing alloys,
plating and so on, hence, the discharge of Ni(II) into the aque-
ous and/or soil systems will inevitably bring about various
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detrimental effects on the natural ecology environment [1,5].
Therefore, it is very necessary to develop an effective method
to treat Ni(I) and related heavy metal ions from wastewater.
In this respective, zerovalent iron (ZVI) reduction has been
regarded as an emerging environmental technology that is
suggested to convey a cost-effective approach for the in situ
and ex situ remediation of heavy metal-contaminated waste-
water [1-4]. As a result, the ZVI material has been extensively
accepted by various research groups as a versatile tool for
the remediation of different kinds of environmental pol-
lutants during the last decade [6-11]. By virtue of its lower
particle size and higher surface area that brings about a high
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sequestration capacity, nanoscale zerovalent iron (NZVI)
has receiving more and more attention for the sequestration
of heavy metal ions like Ni(II), Zn(II), Cu(ll), Cd(II), Co(II),
Ag(I) and Pb(II), displaying that NZVI has larger sequestra-
tion capacity than conventional materials [1,12-16].

Despite of the wide applications of NZVI for immobiliza-
tion of metal ions in water, challenges still remain in the real
work of NZVI application, such as the aggregation of bare
NZVI], resulting from a large surface area, which ultimately
contributes to a decrease in NZVI reactivity [17]. Thus, to
prevent the aggregation of NZVI and further improve the
sequestration capacity of NZVI, strategies have been devel-
oped involving immobilization of NZVI on a suitable sup-
port, which can be used either as a carrier that is injected or
as filling material in a reactive barrier [18]. Several different
matrix supports have been utilized to immobilize NZVI,
which included diatomite [18-20], layered double hydrox-
ide [21-23], Mg(OH), [24], rectorite [25], illite [26], mont-
morillonite [27], attapulgite [28], mesoporous silica [29] and
carbon-based materials [30-33]. All these studies exhibited
that the topic of metal ion retention by supported NZVI is
an expanding area due to the decreased aggregation and
increased reactivity of NZVI. Diatomite is naturally occur-
ring, highly structured, fine hydrous silica that is formed
from the remains of planktonic algae, which is also chemi-
cally inert and almost indestructible except in alkaline condi-
tions. Therefore, the porous diatomite has been used in many
applications due to its high surface area, high permeability
and absorption, low bulk density and abrasion [18,34-37].
We used diatomite as a support of NZVI and found that
diatomite showed multiple roles (enrichment of U(VI), pH
buffering agent, scavenger for the insoluble reaction prod-
ucts during reaction) in NZVI interaction with U(VI) [20].

In the current study, we will extend the application of
diatomite-supported NZVI (NZVI-D) in the immobilization
of metal ions from wastewater. The trapping of Ni(II) on bare
and supported NZVI will be studied and compared from a
mechanistic view point. To our knowledge, no detailed study
on the extent of Ni(II) uptake by supported NZVI at a mole-
cule level is available in the literature.

2. Materials and methods
2.1. Chemicals and materials

All chemicals (like NaBH,, FeSO,7H,0, NiNO,, NiO,
Ni(OH),, NaOH, HCIl) and commercial ZVI were pur-
chased from Shanghai Chemical Co., China. The fraction
of ZVI passing through a sieve of 0.15 mm was used for
Ni(Il) removal experiments. All solutions were prepared
with 18 MQ/cm high-purity water from a Millipore Milli-Q
water purification system. The diatomite was obtained from
Shengzhou County (Zhejiang, China). The raw diatomite
was first physically purified in a centrifugal field to remove
some impurities, then, the diatomite was processed by acid
leaching in 1.0 mol/L HCI according to previous papers
[19,20]. The NZVI was prepared by a chemical reduction
approach. In brief, ~0.1 mol/L of NaBH, solution was slowly
added into ~0.05 mol/L of FeSO, solution under continuous
stirring, until the molar ratio [BH,]/[Fe*] reached to be ~2.0.
Then, the solution was stirred for another 30 min under room

temperature. The formed NZVI particles were settled and fil-
tered, and then was washed with absolute ethanol for several
times, and finally vacuum dried [20,38,39]. The NZVI-D was
prepared by a similar chemical reduction approach for NZVI
except that ~8.0 g of diatomite was uniformly mixed with
FeSO, solution under continuous stirring before the addition
of NaBH, solution. Before use, both NZVI and NZVI-D sam-
ples were stored in N, atmosphere to prevent atmospheric
contamination and oxidation. The iron contents of the sam-
ples were measured to be 92.2% for ZVI, 54.7% for NZVI and
25.2% for NZVI-D using atomic absorption spectrometer [20].

2.2. Macroscopic and microscopic experiments

The macroscopic interaction experiments were carried
out in a 150 mL conical flask containing the mixture of Ni(II)
solution and different kinds of iron samples (ZVI, NZVI
and NZVI-D). The Ni(Il) solution was deoxygenated by N,
stream before adding iron samples. The conical flask was
sealed with a stopper during the entire experiment. Herein,
a uniform dosage of iron was achieved by adding 0.0325 g of
ZV], 0.0548 g of NZVI and 0.1190 g of NZVI-D. The pH was
adjusted to ~5.5 by adding negligible volume of 0.01 mol/L
of HCl or NaOH. The reaction was conducted by putting the
flask in a thermostatic shaker bath. At given time intervals,
a series of mixture samples were withdrawn and filtered
through a 0.22 pm membrane for determination of Ni(II) con-
centration by atomic absorption spectrometer (AA-6300C,
Shimadzu, Japan). The removal of Ni(Il) was calculated
according to: removal (%) = (C,— C,)/C,* 100%. The adsorp-
tion isotherms of Ni(Il) onto diatomite were determined at
various initial Ni(Il) concentrations. All batch adsorption
experiments were carried out in a thermostatic shaker bath.
After equilibrium, the suspension was centrifuged for deter-
mination of Ni(Il) concentration. The adsorbed capacity
(9, (mg/g)) was calculated: q, (mg/g) = (C,~ C)) x V/m, where
C,(mg/L) and C, (mg/L) are initial and equilibrium concen-
tration, respectively, V (mL) is the total volume and m (g) is
adsorbent mass.

The microscopic information of the materials was char-
acterized in detail by Mossbauer spectra (MBS) and X-ray
absorption fine structure (XAFS). The MBS were measured
at 290 K using a Bench MB-500 Mdssbauer spectrometer and
an X-ray source of 0.925 GBq *Co/Rh. The measured spec-
tra were fitted to Lorentzian line shapes using standard line
shape fitting routines. The half-width and peak intensities of
the quadruple doublet were constrained to be equal. Isomer
shifts were expressed with respect to the centroid of the
spectrum of metallic iron foil (**Fe > 99.85%). The XAFS at
the Ni K-edge at 8,333 eV of the samples were recorded at
room temperature in the fluorescent mode with silicon drift
fluorescence detector at beam line BL14W1 of the Shanghai
Synchrotron Radiation Facility (SSRF), China. The station
was operated with an Si(111) double crystal monochroma-
tor. During the measurement, the synchrotron was operated
at energy of 3.5 GeV and a current between 150 and 210
mA. The photon energy was calibrated with the first inflec-
tion point of Ni K-edge in Ni metal foil. Fluorescence spec-
tra were collected using a multi-element pixel high purity
Ge solid-state detector. Scans were collected in triplicate
and averaged to improve the signal-to-noise ratio. Energy
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calibration, fluorescence dead time correction and extended
X-ray absorption fine structure (EXAFS) data analysis were
performed with the SIXPack interface to the IFEFFIT pack-
age. EXAFS data reduction and linear combination fitting
(LCF) analyses were performed using the following pro-
cedures. First, the averaged spectra were normalized with
respect to E; determined from the second derivative of the
raw spectra, and then the total atomic cross-sectional absorp-
tion was set to unity. A low-order polynomial function was
fit to the pre-edge region and the post-edge region. Next, the
data were converted from E-space to k-space and weighted
by k* to compensate for dampening of the XAFS amplitude
with increasing k space [5,31].

3. Results and discussion
3.1. Characterization of the materials

We can observe from the transmission electron microscope
(TEM) image of the bare NZVI (Fig. 1(A)) that NZVI displayed
as necklace-like aggregations because of the magnetostatic
attraction between the iron particles. Whereas, we can observe
from the TEM image of the NZVI-D (Fig. 1(B)) that NZVI
particles were randomly distributed and well dispersed onto
diatomite surfaces without clear aggregation, indicating that
diatomite can weaken the aggregation effect of NZVI particles
[20,38,39]. The X-ray diffraction patterns displayed that both
NZVI and NZVI-D are mainly composed of ZVI (Fe°) which
could be characterized by the main peak at ~44.5° [20]. The
specific surface areas of these materials were determined to
be 26.1 m?/g for diatomite, 42.2 m?/g for NZVI, 29.5 m?/g for
NZVI-D [20]. It was previously suggested that NZVI possess
a typical “core—shell” structure that includes a core (i.e., ZVI
and a shell (i.e., iron (hydr)oxides) [18,19]. So, the species of
iron on both NZVI and NZVI-D samples were investigated

Fig. 1. TEM images of bare NZVI (A) and diatomite-supported NZVI (B).

by *Fe MBS (Fig. 2), and the Mdssbauer hyperfine param-
eters are shown in Table 1. We can see that all the Fe’, Fe?,
Fe®* species were present in both NZVI and NZVI-D samples.
Nevertheless, the relative content of Fe® (96.8%) of NZVI-D
sample is higher than that (90.0%) of NZVI sample, indicating
that NZVI-D exhibited a good anti-oxidation performance.

3.2. Enhanced immobilization of Ni(Il) by NZVI-D

The immobilization of Ni(II) by various reactive materi-
als was shown in Fig. 3. It can be seen from Fig. 3 that Ni(II)
immobilized by diatomite via a sorption process is ~10.5%
after 120 min reaction. Besides, we can see that Ni(II) immo-
bilized by ZVI via a reduction process is only ~25.8% after
120 min reaction, which is much lower than that (~42.7%) of
Ni(Il) immobilized by NZVI. This phenomenon is in good
agreement with the result reported by Lowry and Johnson
[40] that nanosized iron with larger specific surface area is
more reactive than commercial micron-scale iron. In their
report, Lowry and Johnson regarded that gas bubbles (likely
H,) could be generated in the NZVI system, the rapid forma-
tion of H, might enhance the performance of Ni(II) immo-
bilization, while these gas bubbles could not be observed
in the ZVI system, hence, Ni(II) immobilization onto NZVI
can be enhanced [40]. Moreover, during the synthesis of
NZVI via a NaBH, reduction process, the reduction prod-
uct B(OH), is less soluble, thereby, a certain amount of
B(OH), can remain on NZVI surfaces, which also plays a
significant role in Ni(Il) immobilization since a Fe-B-oxide
or Fe-B alloy may be formed on the surfaces, leading to the
changes of the electronic properties of the oxide shell [40]. In
addition, Ni(Il) immobilization by NZVI-D via a reduction
process after 120 min reaction is ~92.9%, which is higher than
the sum of Ni(II) immobilization by NZVI reduction and
diatomite adsorption, suggesting that the use of diatomite
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to support NZVI may impose a good synergetic effect in the
NZVI treatment system. Generally, immobilization of Ni(II)
by NZVI is a surface-induced reduction reaction, therefore,
the efficiency of Ni(II) immobilization is positively related to
Ni(II) concentration on NZVI surface, namely, enrichment of
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Ni(II) at the interface is an important process. The adsorption
isotherm of Ni(II) on diatomite was shown in Fig. 4(A). The
zeta potentials of diatomite as a function of pH were shown
in Fig. 4(B). We can see that diatomite exhibits negative zeta
potentials with pH ranging from 2.0 to 10.0, which is in favor
of the adsorption of cationic Ni(Il) ions. Therefore, in the
NZVI-D treatment system, Ni(Il) can more easily approach
the reactive sites of NZVI due to the adsorption onto the neg-
atively charged diatomite surfaces, resulting in the promo-
tion of surface reaction. With more and more heavy metals
released into the natural water and soil environment [41-45],
the results do clearly demonstrate that the NZVI-D displayed
a potential practical application as promising candidate in

z real work of environmental management.
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Fig. 2. YFe Modssbauer spectra of bare NZVI (A) and
diatomite-supported NZVI (B). Fig. 3. Removal efficiencies of Ni(II) by various materials.
Table 1
Values of the hyperfine parameters from the best fits of ’Fe Mossbauer spectra of bare NZVI and diatomite-supported NZVI
Samples Iron species Relative IS (mm/s) Q. (mm/s) HW (mm/s) H. (T)
content (%)
Bare NZVI Fe° 40.64 0.005 + 0.027 0.025+0.049  0.554 +0.028 19.68 +0.299
Fe® 49.16 0.007 +0.021 0.007 +£0.036  0.550 +0.021 24.98 +0.23
Fe 6.89 0.122 +0.011 1.097+£0.023  0.248 +0.018
Fe 3.31 1.198 + 0.060 2.400 + 0.000 0.441 +0.113
Diatomite-supported ~ Fe® 41.05 0.051 +0.065 0.070+0.136  0.853 +0.162 18.75 + 0.889
NZVI Fe’ 53.01 0.002 +0.027 -0.044+0.047  0.657 +0.072 25.27 +0.32
Fe** 4.86 0.211 £0.010 0.876 +0.021  0.223+0.017
Fe? 1.07 1.170 + 0.010 2.200+0.000  0.575+0.242

Note: IS is the isomer shift (relative to a-Fe at room temperature), Q_is the quadrupole splitting, HW is the half-width at half-maximum, H, is
the hyperfine magnetic field, relative content is the relative spectral absorption area for each species.



G. Sheng et al. / Desalination and Water Treatment 70 (2017) 183189

and lose their reactivity, leading to a decreased removal. In
addition, the reaction products formed on iron surface will
decrease the electron transfer from NZVI to Ni(II) and thus
retard Ni(II) reduction [20]. Furthermore, for a fixed particle
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Fig. 4. (A) The adsorption isotherm of Ni(II) on diatomite and
(B) zeta potentials of diatomite sample as a function of pH.
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Fig. 5. Effect of initial concentration on the removal efficiency of
Ni(II) in the NZVI-D treatment system.

187

dose, the total available reactive sites are limited for a reac-
tion. So, the slower rate and lower efficiency of Ni(II) removal
could be found at elevated concentrations of Ni(IT). And the
equilibrium time became longer as the initial concentration
increased.

3.4. Mechanistic aspects

The core-shell structure of NZVI enables them to show
basically two mechanisms toward metal removal. Namely,
the core that is constituted of Fe® forms an electron source that
might reduce metal ions with a higher standard reduction
potential than Fe’. While, the shell that possesses hydroxyl
groups at the interface with solution is capable to trap metals
by surface adsorption [1,13,14]. Previously, it was confirmed
that the reduction potential of Ni(II) ions was more positive
than Fe’, and Ni(II) was immobilized at NZVI surface by both
sorption and reduction [13,14]. The EXAFS and LCF of NZVI
and NZVI-D reaction with Ni(Il) in water are shown in Fig. 6.
We can see that 92.7% of Ni(II) and 7.3% of Ni(0) were present
in NZVI sample after reaction, whereas, 85.2% of Ni(II) and
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Fig. 6. The extended X-ray absorption fine structure (EXAFS)
data and linear combination fitting (LCF) of NZVI (A) and (B)
NZVI-D reaction with Ni(I) in water.
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14.8% of Ni(0) were present in NZVI-D sample. This result
indicated that the reduction efficiency of NZVI increased uti-
lizing diatomite as a support. Combined the results obtained
herein and from previous reports [20,38,39], we could con-
clude that diatomite support played multiple roles including
adsorbent of Ni(Il), pH buffering effect, stabilizer and dis-
perser of NZVI, as well as scavenger for insoluble reaction
products during reaction. Namely, diatomite imposed an
obvious synergistic effect in NZVI reaction system, which
contributed to the enhanced reduction efficiency. The dual
adsorption and reduction mechanisms on top of the large
surface of nanoparticles produce rapid rate and high removal
efficiency, offering NZVI and NZVI-D as efficient and prom-
ising materials for the immobilization of Ni(II) and related
toxic heavy metals in environmental remediation.

4. Conclusions

The presence of diatomite during the synthesis of NZVI
results in a partial decrease in their extent of aggregation, pro-
ducing the characteristic core-shell structure. The NZVI-D
particles demonstrated higher uptake capacities toward
Ni(II) ions compared with bare NZVI. According to the XAFS
results, NZVI ions were trapped through a dual adsorption
and reduction mechanisms, which lead to the formation of
Ni(Il) surface complexes and to a lesser extent Ni(0). Besides,
the reduction efficiency of NZVI increased when supported
on diatomite.
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