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The sorption behavior and microscopic sequestration mechanisms of radionuclide ®*Ni(IT) on mordenite as a function of aging
time, ionic strength, initial **Ni(II) concentrations, solid content and coexistent electrolyte ions were investigated by the com-
bination of batch and EXAFS techniques. Macroscopic experiment results show that the sorption of “*Ni(II) is dependent on
jonic strength at pH<7, and independent of ionic strength at pH>7. The sorption percentage of “*Ni(II) on mordenite increases
with increasing solid content, while the sorption capacity decreases as solid content increases. The presence of different elec-
trolyte ions can enhance or inhibit the sorption of Ni(II) on mordenite in various degrees. EXAFS analysis results of the sam-
ples under three different ionic strengths suggest that the retained “Ni(II) in these samples exists in an octahedral environment
with six water ligands. In the initial period of rapid uptake, the sorption of **Ni(Il) is dominated by the formation of in-
ner-sphere surface complexes. As aging time increases, “Ni(Il) sequestration behavior tends to be mainly controlled by the
formation of Ni phyllosilicate co-precipitates and/or Ni(OH),(s) precipitates. Results for the second shell fit of the sample pre-
pared at an initial Ni(II) concentration of 100 mg/L indicate the possible formation of Ni polynuclear surface complexes.
Both the macroscopic sorption data and the molecular level evidence of ®*Ni(II) surface speciation at the mordenite/water in-

terfaces should be factored into better predictions of the mobility and bioavailability of “*Ni(II) in environment mediums.

mordenite, Ni(I), aging time, initial concentration, EXAFS analysis

1 Introduction

Along with the strategic requirements of environmental
protection and global sustainable development, the promo-
tion of economic and effective treatment methods for pol-
luted aquatic environment to meet the increasingly stringent
environmental standards has become a challenging job in
environmental science and technology field. Various pro-
cessing methods have been utilized for the disposal of
heavy metals and radionuclides from aqueous solutions,
such as physicochemical precipitation, ion exchange, ul-
trafiltration, reverse osmosis, electrodialysis, etc. Most of
the processes have significant disadvantages such as high
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fussy operation, operational costs, secondary pollution, etc.
In comparison, sorption has been identified to be superior to
other techniques for wastewater purification due to its sim-
plicity of design, convenience, low cost, high sorption effi-
ciency and wide adaptability. Activated carbon, having
strong sorption efficiency for various contaminants, is
widely used as a good sorbent for the disposal of polluted
waters [1-3]. However, it is beset with problems related to
cyclic regeneration and contaminant recovery. In recent
years, intensive research has focused on the seeking of
low-cost materials with good metal-binding capacities,
which can be utilized as an alternative to activated carbon in
wastewater treatment.

Zeolites are microporous aluminosilicate minerals with
well-defined structures, containing exchangeable alkaline
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and alkaline earth metal ions (normally Na*, K*, Mg** and
Ca®") as well as water in their structural framework. Many
kinds of zeolites occur naturally as minerals, and are wide-
spreadly distributed all over the world. Due to their out-
standing properties such as featuring thermal stability, na-
nosized pore structures, and unusual surface topology, zeo-
lites are widely used as promising support materials in the
fields of catalytic industry, soil amendment, environmental
protection and material science, etc. Recently, research has
been focused on the utilization of zeolites in the decontam-
ination of pollutants-laden wastewaters and various experi-
mental results have been reported [4—6]. To predict the mo-
bility and long-term behavior of heavy metal ions and radi-
onuclides in environmental mediums, it is of fundamental
importance to obtain a comprehensive understanding on
their chemical speciation and sequestration mechanisms at
zeolite/water interfaces.

In our previous study [7], we investigated the sorption
mechanisms of Ni(II) on mordenite affected by solution pH,
temperature and humic substances with the combination of
batch and EXAFS techniques. The results suggested that the
species of Ni(II) on mordenite changed from outer-sphere
surface complexes to inner-sphere surface complexes and
precipitates/co-precipitates with increasing pH values, and
ternary surface complexes formed at HA/FA-mordenite
hybrid surfaces. However, no valid data are available to
expound the influence mechanism of aging time and ionic
strength on the sorption and immobilization of Ni(II) on
mordenite surfaces. In view of this point, further studies are
needed to get more in-depth information that would be val-
uable for predicting the physicochemical behaviors of Ni(II)
in environmental mediums. Herein we have expanded the
study of Ni(II) sorption mechanisms on mordenite surfaces
to distinguish the possible changes in interaction mecha-
nisms. The effect of various environmental parameters such
as aging time, ionic strength, solid content, initial Ni(Il)
concentrations and coexistent electrolyte ions on Ni(Il)
sorption behaviors in mordenite suspensions was investi-
gated by using batch technique under ambient conditions.
Specially, the speciation and local atomic structures of ad-
sorbed Ni(II) on mordenite were investigated by using Ni
K-edge EXAFS spectra to determine the influence of aging
time, ionic strengths and initial Ni(Il) concentrations on
sorption mechanisms.

2 Materials and methods
2.1 Materials

The mordenite sample used here is the same as that applied
in our previous study [7]. Inductively coupled plas-
ma-atomic emission spectrometry (ICP-AES) analysis
showed that the Si:Al radio in this mordenite sample is ca.
20:1. The cation exchange capacity (CEC) was determined
to be 91 mmol/100 g by using ammonium acetate method.
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Besides, the zero point of charge (pH,,.) of mordenite was
measured to be ~4.5 by potentiometric titration procedure
described in previous literature [8]. Radiotracer 9Ni-NiCl
was achieved from China Isotope Corporation with the ra-
dioactive chemistry concentration of 7.4x10° Bg/L. All the
other chemicals were purchased in analytical purity and
used without any further purification. Milli-Q water was
used to prepare all the solutions.

2.2 Macroscopic experimental procedure

The macroscopic experiments were carried out in polyeth-
ylene tubes under ambient conditions by using batch tech-
nique. The stock suspension of mordenite and electrolyte
solution were pre-equilibrated for 24 h and then Ni(I) stock
solution including trace quantities of radiotracer **Ni-NiCl
was added to achieve the desired concentrations of individ-
ual components. The solution pH was adjusted to the de-
sired value with negligible amounts of 0.01 or 0.1 mol/L
HCI1O, or NaOH. The suspensions were gently shaken for 2
d to attain sorption equilibrium, and then the solid was sep-
arated from solution by centrifugation at 14000 r/min for 30
min. The *Ni-NiCl concentration in supernatant was ana-
lyzed by liquid scintillation counting (Packard 3100 TR/AB
Liquid Scintillation analyzer, PerkinElmer) with ULTIMA
GOLD AB™ (Packard) Scintillation cocktail. Under the
assumption that the added radiotracer *Ni-NiCl dispersed
evenly in the non-radioactive Ni(II) stock solution and both
of them have similar sorption behaviors on mordenite, the
sorption percentage of Ni(II) on mordenite was calculated
from the initial activity of ®Ni-NiCl (A, in Ni(Il) stock
solution and that in supernatant (Ar) (i.e., R% = 100% x
(1-AL/A)). All experimental data were the average of trip-
licate determinations and the relative errors were ~5%.

2.3 EXAFS analysis

2.3.1 Sample preparation for EXAFS analysis

Ni(II) sorption samples for EXAFS analysis were prepared
by using a 250 mL vessel under various solution conditions.
The sorption of Ni(II) was performed by adding 42.50 mL
acidified 0.001 mol/LL Ni(ClQOy), stock solution and appro-
priate 0.1 mol/L NaOH to neutralize the acidity of this Ni(Il)
solution. The specific procedure was as follows: 10-50 puL
increments of Ni(Il) stock solution were added into the sus-
pension under continuous stir to disperse the small aliquot
of Ni(Il) solution, and then base solution was added.
Meanwhile, the solution pH was monitored and retained to
the desired value during Ni(Il) addition. Periods of a few
minutes between the increments were selected to avert
Ni(Il)(aq) values exceeding the solubility limit of
Ni(OH),(s), while allowing the accomplishment of Ni(II)
addition in reasonable delay. After the desired aging time,
aliquots of the suspension were collected and immediately
centrifuged at 14000 r/min and 2 °C. The wet-paste was
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then packed in a Teflon sample holder and covered with
Mylar tape. The sample was wrapped in a moist paper towel
and sealed in a Ziplock bag before it was removed from the
glove box and transferred to the beam-line. XAFS data col-
lection began less than 1 h after centrifugation.

2.3.2 EXAFS analysis

Ni K-edge X-ray absorption spectra at 8333 eV were rec-
orded at the National Synchrotron Radiation Laboratory
(NSRL, Hefei, China) in fluorescence mode. The electron
storage ring was operated at 0.8 GeV with a maximum
beam current of 200 mA. A superconductor wiggler with a
maximum magnetic field By of 6 T inserted in the straight
section of the storage ring was used. The energy of X-ray
was detuned by using a fixed-exit double-crystal Si (111)
monochromator. Higher order harmonics were suppressed
by detuning the monochromator by 25%. The monochrom-
ator position was calibrated by assigning the first inflection
point on the K-absorption edge of metallic nickel foil to
8333.0 eV. Fluorescence spectra were collected using a
multi-element pixel high purity Ge solid-state detector.
Several scans were collected to improve the signal-to-noise
ratio. Energy calibration and the EXAFS data analysis were
performed with Athena and Artemis software interface to
the IFEFFIT package [9]. The theoretical scattering phases
and amplitudes used in data analysis were calculated by
scattering code FEFF7 using the crystal structures of
Ni(Il)(aq), B-Ni(OH),(s) and Ni;AL,SiOg [10]. Accuracies
for interatomic distance (R) and coordination number (CN)
are 0.02 A and 20%, respectively, for the first shell and 0.04
A and 40%, respectively, for the second shells.

3 Results and discussion
3.1 Macroscopic experiment results

3.1.1 Effect of aging time

Figure 1 shows the sorption of Ni(Il) on mordenite as a
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Figure 1 Effect of aging time on Ni(II) sorption on mordenite. 7= 293 K,
m/V =0.5 g/L, Cxiapinitia = 10 mg/L, I = 0.01 M NaClO,.
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function of aging time at pH 7.2. One can see that the ki-
netics process of Ni(II) on mordenite was initially fast, with
38% uptake occurring in the first 30 min. Subsequent up-
take continued slowly and about 72% was adsorbed after 60
d of aging time. Changes in uptake were insignificant after
15 d. The high initial uptake rate may be attributed to the
existence of plentiful sorption sites on mordenite surfaces.
As the sites being gradually filled up, the sorption becomes
slow and the mechanism of kinetics seems to be more de-
pendent on various factors such as sorption to less reactive
sites, diffusion to internal sites, surface substitution, and
formation of multinuclear complexes and/or surface precip-
itates [11-14]. In the following experiments, the aging time
was restricted to 2 d to avoid the formation of multinuclear
complexes or surface precipitates.

3.1.2  Effect of ionic strength

The ionic strength has a great impact on the migration and
transformation of metal ions in environmental medium,
which will further influence the purification processes of
water pollutants. Evaluation of ionic strength effect on sorp-
tion behavior is an effective macroscopic method of infer-
ring sorption mechanisms. As is well-known, C1O4 does not
form complexes with the concomitant metal ions in solution.
In view of the above reasons, to help compare and analyze
the role of ionic strength variation, experiments are con-
ducted to determine the sorption of Ni(II) on mordenite in
0.001, 0.01 and 0.1 mol/L NaClO, electrolyte solutions de-
spite the fact that ClO,4 is not the common ion in aqueous
environment. One can see from Figure 2 that the sorption
percentage of Ni(I[) on mordenite is strongly affected by
ionic strength at pH<7 and no obvious effect is found at
pH>7. From the ionic strength dependence, one can deduce
that cation exchange of Ni** (the dominant Ni(II) species at
low pH) with Na*/Ca®" that saturates the exchangeable sites
is the main mechanism for Ni(II) sorption on mordenite at
pH<7 [15, 16], which is also supported by the very slow
increase of Ni(Il) sorption at this pH range. The phenome-
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Figure 2 Effect of ionic strength on Ni(I) sorption on mordenite. 7 =
293 K, m/V=0.5 g/L, CNi(II)miliml =10 mg/L [7]
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non that Ni(IT) sorption is not influenced by the variance of
ionic strength at pH>7 is compatible with the formation of
inner-sphere complexes. The activity coefficients of Ni(Il)
ions in 0.001, 0.01 and 0.1 mol/L NaClO, electrolyte solu-
tion are 0.870, 0.675 and 0.405 [17], respectively. On the
basis of this value, one can deduce that the actual chemical
activity values for an initial Ni(Il) concentrations of 10
mg/L in 0.001, 0.01 and 0.1 mol/L NaClO, electrolyte solu-
tions are 8.70, 6.75 and 4.05 mg/L, respectively. Based on
the solubility product constant of Ni(OH)x(s) (K, = 2.0 X
107" [17], it is calculated that Ni(Il) ions begin to form
hydroxide precipitates at pH 8.5, 8.6 and 8.8 for an actual
Ni(IT) chemical activity of 8.70, 6.75 and 4.05 mg/L, re-
spectively. Correspondingly, it is clear that the sorption
process of Ni(II) on mordenite under high alkaline condi-
tions (herein, pH>8.5) are mainly attributed to the formation
of hydroxide precipitates.

As can be seen from Figure 2, the sorption of Ni(II) on
mordenite increases with decreasing ionic strength at pH<7,
which is consistent with increased sorption on the perma-
nent charge sites with decreasing Na* concentration. This
phenomenon may derive from the following reasons: (1) As
mentioned above, increased ionic strength decreases the
activity of Ni(Il) ions in solution, which correspondingly
limits their transfer to mordenite surfaces [18, 19]; (2) ionic
strength can affect particle aggregation by influencing elec-
trostatic interactions. Increased ionic strength can reduce
electrostatic repulsion and thereby increase particle aggre-
gation of mordenite, which reduces the amount of available
binding sites and thereby decreases the sorption of Ni(Il) on
mordenite [20]; (3) the thickness of electrical diffused dou-
ble layer surrounding mordenite particles and Ni(II) ions
can be significantly expanded by the presence of electrolyte
ions. Such expansion prevents mordenite particles and Ni(Il)
ions from approaching each other more closely and accord-
ingly leading to the decrease of Ni(Il) sorption via the less-
ening of electrostatic attraction [21].

3.1.3  Effect of initial Ni(Il) concentrations

Figure 3 shows Ni(II) sorption on mordenite at three dif-
fer-ent initial Ni(IT) concentrations as a function of pH val-
ues. The sorption curves show a typical “sorption edge”,
namely, the sorption percentage practically increases from
zero to ~99% over a range of more than three pH units. As
expected, the pH-edge shifts to higher pH values at higher
Ni(IT) concentration. In a pH region below approximate pH
8.0, the sorption percentage of Ni(Il) increases with de-
creasing initial Ni(Il) concentration. On the other hand, in
the pH region where the sorption percentage of Ni(Il) in-
creases sharply up to ~99%, the sorption data exhibit no
dependence on initial Ni(II) concentrations. It is necessary
to determine whether the formation of Ni(OH),(s) precipi-
tates contributes to the rapid increase of Ni(Il) sorption on
mordenite at pH<8.0. Once again, based on the activity co-
efficient value of Ni(II) in 0.01 mol/L NaClQOy, solution (i.e.,
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Figure 3 Sorption of Ni(II) on mordenite as a function of initial concen-
trations. 7=293 K, m/V=0.5 g/L, I = 0.01 M NaClO,.

0.675), the actual chemical activity values for an initial
Ni(IT) concentrations of 5, 10 and 100 mg/L are calculated
to be 3.375, 6.75 and 67.5 mg/L, respectively. Considering
the solubility product constant of Ni(OH)x(s) (K, = 2.0 X
107™"%) [17], one can deduce that Ni(II) ions begin to form
hydroxide precipitates at pH 8.8, 8.6 and 8.1 for an actual
Ni(IT) chemical activity of 3.375, 6.75 and 67.5 mg/L (cor-
responding initial Ni(II) concentrations are 5, 10 and 100
mg/L), respectively. However, it is clear that more than
90% Ni(I) is adsorbed on mordenite at pH 8.0. Hence, the
draft increase of Ni(Il) sorption on mordenite at pH<8.0 is
not attributed to the surface precipitation of Ni(OH),(s). The
actual mechanism that accounts for the observed sorption
trend will be discussed in detail in the following EXAFS
analysis section.

3.1.4  Effect of solid content

The sorption of Ni(I[) on mordenite at different solid con-
tent was studied at 7 = 293 K and pH 7.2. As can be seen
from Figure 4, the sorption percentage of Ni(Il) increases
rapidly with increasing solid content at m/V<1.0 g/L, and
then maintains unchanged with the increase of solid content
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Figure 4 Sorption of Ni(Il) on mordenite as a function of solid content. T
=293 K, pH 7.2, Cniqujinitia = 10 mg/L, I = 0.01 M NaClO,.
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at m/V>1.0 g/L. With increasing solid content, the number
of functional groups on mordenite surfaces increases and
thereby more surface sites are available for binding Ni(II).

One can also see from Figure 4 that the sorption capacity
of Ni(Il) on mordenite decreases gradually with the increase
of solid content. The mordenite surface is composed of sites
with a spectrum of binding energies. At low solid content,
all types of surface sites are entirely exposed for sorption
and the surface reaches saturation quickly, leading to a
higher sorption capacity. But at higher solid content the
availability of higher energy sites decreases with a larger
fraction of lower energy sites becoming occupied, resulting
in a lower sorption capacity [22]. Besides, higher solid con-
tent increases the probability of particle collision and there-
fore creates the aggregation of mordenite particles, resulting
in a decrease in the total surface area and an increase in dif-
fusional path length, both of which lead to the decrease of
sorption capacity [23]. Another possible interpretation is
that the increase ratio of net sorption quantity of Ni(II) on
mordenite surface is lower than that of solid content, which
correspondingly decreases the sorption capacity of Ni(II) on
mordenite.

3.1.5 Effects of coexistent electrolyte ions
Figure 5 shows the sorption of Ni(II) on mordenite as af-
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Figure 5 Influence of coexistent electrolyte anions (a) and cations (b) on
the Ni(II) sorption on mordenite. T = 293 K, Cnianinitia= 10 mg/L, m/V =
0.5 g/L.
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fected by common electrolyte ions in solution, viz., ClO,,
NOs, CI', SO,~, Li*, Na*, K* and Ca®™, respectively. Ex-
cept for Li*, NOs™ and ClO,", all the other ions are among
the most common inorganic electrolyte ions in natural water
systems. Although Li" and NO;™ are not present in natural
water bodies, their concentrations in contaminated water
can not be ignored due to their widespread applications in
industrial and agricultural production processes. Hence, it is
necessary to determine the effects of these two ions on the
physicochemical behaviors of heavy metal ions and radio-
nuclides in environmental mediums. As mentioned above,
complexation can not occur between ClO4 and the coexist-
ing metal ions in solution. In view of this point, to help dis-
criminate and analyze the role of various electrolyte cations,
related experiments were processed in MCIO, (M represents
cations) electrolyte solutions despite the fact that ClOy4 is
not the common ion in aqueous environment. Similarly, the
batch experiments for comparing the influence of electro-
lyte anions were conducted in NaX (X represents anions)
solutions.

From Figure 5(a), one can see that the sorption of Ni(II)
on mordenite is greatly influenced by electrolyte anions in
solution. Taking the sorption of Ni(Il) in ClO, electrolyte
solution as a point of reference, it is clear that NO; has
little influence on Ni(Il) sorption. The presence of Cl” and
SO,* enhances Ni(I) sorption at pH<5.5, while reduces
Ni(Il) sorption at pH>5.5. The result is not in accordance
with that of Eu(Ill) sorption on titanate nanotubes [24]. The
nature of the counter-ions, destined to stabilize heavy metal
ions in the cationic form, can also influence their sorption
on solid particles. Briefly, electrolyte anions may either
enhance or reduce metal ion sorption via site competition,
surface charge alteration and the formation of solution
complexes, ternary complexes and/or surface precipitates
[25-27]. Specifically, the enhancement of CI” on Ni(Il) up-
take at pH<S5.5 is to some extent attributed to the formation
of complexes between Ni(II) ions and CI” (e.g., NiCl"),
which decreases the electropositivity of Ni(II) ions and
thereby promotes the sorption of positively Ni(II) ions on
mordenite due to the decrease of electrostatic repulsion.
Enhanced affinity of NiCI* complex relative to the free Ni**
ions for mordenite surfaces can reduce the electrostatic bar-
rier that Ni(I) must overcome when adsorbed to the posi-
tive mordenite surfaces (pH<pH,,). In SO4> electrolyte
solution, the enhancement of Ni(II) sorption on mordenite at
pH<5.5 may be attributed to the formation of ternary com-
plexes. Besides, the idiocratic sorption of SO42" on mor-
denite enhances the electronegativity of mordenite surface
and thereby promotes the sorption of positively charged
Ni(II) ions due to electrostatic attraction. At high pH values,
CI” and SO, are difficult to be adsorbed on the negatively
charged surfaces of mordenite due to electrostatic repulsion.
The competition between C1/S0O,>” and mordenite increases
the formation of Ni(I)-Cl/SO, stable complexes in solu-
tion, which competitively diminishes the extent of Ni(Il)



Yang ST, et al.

sorption on mordenite. From the above discussion, it is clear
that the sorption of Ni(II) on mordenite is greatly dependent
on the types electrolyte ions. However, the mechanism of
specific electrolytes anions on Ni(II) sorption is difficult to
be discriminated solely from the macroscopic experiment
data and further investigation is needed to obtain in-depth
microstructure information.

As can be seen from Figure 5(b), the four electrolyte
cations exhibit distinct effect on Ni(Il) sorption. The sorp-
tion of Ni(Il) on mordenite at the same pH values is in the
sequence of Ca**<K*<Na*<Li* at pH<7.5, while no obvious
effect is found at high pH values. The hydration radius of
K* (2.32 A) is smaller than the radii of the Na"(2.76 A) and
Li* (3.40 A) and accordingly the influence of K* on Ni(II)
sorption is more obvious than that of Na* and Li* [28]. The
result is consistent with that of Th(IV) sorption on TiO, [29].
It is worth noting that Ca®*has a greater competition effect
towards Ni(I) sorption than Li*, Na* and K*. Harter and
Naidu claimed that the sorption percentage of cations de-
creased with the increasing valence of competitive cations
because the increasing of cation valence made the surface
potential less negative at pH values greater than pH,,. [30].
The cations with higher valence are much easier to be ad-
sorbed by mordenite, and the divalent cations would occupy
twice sites more competitively by forming (=SO),—Ca. Ac-
cordingly, the influence of bivalent Ca** on Ni(II) sorption
is stronger than monovalent Li*, Na* and K*.

The above-mentioned results show that the sorption of
Ni(IT) on mordenite is greatly influenced by coexistent elec-
trolyte ions under our experimental conditions. However,
the effect of electrolyte anions on Ni(I[) sorption on
Na-bentonite and Pb(II) sorption on oxidized MWCNTs
was reported to be negligible [31, 32]. Besides, the effect of
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electrolyte cations on Ni(Il) sorption on ACT-attapulgite is
in the sequence of Li*>Na*>K" [33], which is opposite to
the result in this study. Comparing the results in our exper-
iment with those in the above-mentioned literature, one can
draw a conclusion that the influence of coexistent electro-
lyte ions on metal ions’ sorption is dominated by various
factors such as the properties of metal ions, the properties of
adsorbents, the affinities of electrolyte ions on the binding
sites and other environmental parameters such as pH, ionic
strength, etc. Therefore, it is necessary to improve the selec-
tive sorption property of the adsorbent for a given metal ion.
One effective way to achieve selective sorption is to change
the surface properties of mordenite by modifying its surface
with specific chemicals. It is well known that the binding of
cations to solid surfaces can be influenced by the chemical
nature of binding sites (e.g. phenolic hydroxyl versus car-
boxylic) and by the spatial arrangement of the potential
binding sites. For instance, some metal ions preferentially
form complexes with O-containing functional groups, while
others preferentially form complexes with S—, N—, or P—
containing functional groups. In addition, carboxylic sites
are more selective toward multivalent cations when the sites
are attached to adjacent carbon atoms on a ring structure
than when they are more widely spaced [34]. Based on the-
se theories, selective sorption can be achieved by modifying
mordenite surfaces with chemicals that possess desired
functional groups.

3.2 EXAFS data analysis

The k’-weighted EXAFS spectra of Ni(Il) adsorbed on
mordenite at different aging times are shown in Figure 6(a).
One can see that the spectra appear distinct and differ from
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Figure 6 k’-weighted spectra (a) and radial structure functions (RSFs) (b) produced by forward Fourier transforms (uncorrected for phase shift) of Ni(II)
sorption on mordenite at various aging time. Solid and dash lines represent experimental spectra and spectral fits, respectively. m/V = 0.5 g/L, pH 7.2, T =

293 I(7 CNi(ll)initiul =10 mg/L, I1=0.01 mol/L. NaClO4
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either the reference samples (Ni(Il)(aq) or B-Ni(OH)y(s)) [7,
12, 35]. As aging time increases, more highly structured
features appear and correspondingly change the shapes of
EXAFS oscillations at k positions of ~5.0 and 7.5 A™". The
frequency components corresponding to these changes are
probably attributed to the contribution of second neighbor
atoms surrounding the central Ni atom. In order to isolate
the characteristic frequencies that exist in the k’-weighted
EXAFS spectra, the EXAFS data are Fourier transformed to
yield the corresponding radial structure functions (RSFs)
and the results are shown in Figure 6(b). One can see that
all the spectra show a main peak at 1.6 A (phase shift un-
corrected), which corresponds to the signal of oxygen atoms
in the first coordination shell. Furthermore, the appearance
of additional frequencies in the region between 2.3 and 3.4
A is attributed to the higher coordination shells (i.e., Ni—Al,
Ni—Si and/or Ni—Ni), which is suggestive of the formation
of inner-sphere complexes, coprecipitates and/or hydroxide
precipitates. For samples with aging time over 2 d, the in-
tensity of the peak at ~2.8 A (phase shift uncorrected) is
considerably larger than that for the sample with aging time
up to 2 d, which is indicative of increasing contribution
from heavy backscattering atoms with increasing aging
time.

Quantitative analysis results for the spectra fitting of the
samples with different aging times are shown in Table 1.
Structural parameters of the first coordination shell show
that the central Ni atom is coordinated with ~6 O atoms
with an average Ni—O interatomic distance (Ry;_o) of ~2.04
A for all samples, which reveal that there is no consistent
change in first coordination shell environment with increas-
ing aging time. Results for the second shell fit can be di-
vided into two groups: one group includes samples with
Ni—Al and Ni—Si backscatterings, and the other has samples
with both Ni—Ni and Ni-Si backscatterings. For samples
reacted up to 2 d, summary results (Table 1) indicate that
the coordination numbers of second shell neighbors were
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1.1-1.2 and 1.9-2.8 for Ni-Al and Ni-Si, respectively. The
plausible models of Ni(II) surface complexes can be de-
duced by combining the quantitative results from EXAFS
spectra analysis of sorption samples with the polyhedral
structure of mordenite. The oxygen-oxygen (O-O) edge
distances in Ni(I)Og octahedron are approximately 2.88 A,
while O—-O edge distances of Al(O,0H)¢ octahedra and
Si(O,0H), tetrahedra in mordenite structure range from
2.69 to 2.90 A and 2.56 to 2.67 A, respectively [36, 37].
The similarity between the O-O edge distance in Ni(I[)Og
octahedron and that in AI(O, OH)s octahedron indicates that
Ni(I)Og can bond to AlI(O,OH)¢ octahedra in either cor-
ner-shared or edge-shared modes without much strain. In
contrast, the significant difference between the O-O edge
distance in Ni(I)Og octahedron and that in Si(O,OH), tetra-
hedron should cause considerable strain if Ni(I)Og were to
bond to Si(O,0H), tetrahedron in edge-shared mode. Con-
sequently, corner-shared bonding between Ni(I[)O¢ and
Si(0O,0H), tetrahedron should be more energetically favora-
ble than edge-shared bonding. More specifically, the intera-
tomic distances derived from the EXAFS spectra fitting are
the characteristic of edge-shared linkage between Ni(I[)Og
octahedron and Al(O,0OH)g octahedra, and of corner-shared
linkage between Ni(II)Og octahedron and Si(O,0H), tetra-
hedron [7, 38, 39]. In addition, the absence of Ni second
neighbor atoms suggests that no Ni polynuclear surface
complexes or surface precipitates formed at short aging
time.

For samples with aging time up to 15 and 60 d, the best
fits for the filtered second shell of the EXAFS spectra are
obtained by using Ni-Ni and Ni—Si backscattering paths. As
mentioned above, the period of slow uptake may be at-
tributed to diffusion to internal sites, surface substitution,
surface polymerization and/or the formation of precipi-
tates/co-precipitates [11-14, 40, 41]. In case of surface sub-
stitution, the coordination number of neighboring atoms and
interatomic distances between the metal center and neigh-

Table 1 Structural parameters derived from EXAFS analysis for Ni sorption samples

. First shell (Ni-O) Second shell (Ni—Ni/Al/Si) % Res
Sample conditions = =
R (A) CN (A% bond R(A) CN o’ (A%
) Ni-Al 3.02 1.1 0.007
pH 7.2, 10 mg/L Ni(Il), 2 h 2.05 5.7 0.005 o 9.7
Ni-Si 3.28 1.9 0.007
) Ni-Al 3.00 12 0.007
pH 7.2, 10 mg/L Ni(Il), 2 d 2.03 5.9 0.003 L 112
Ni-Si 327 2.8 0.007
Ni-Ni 3.07 2.9 0.007
pH 7.2, 10 mg/L Ni(ID), 15 d 204 6.1 0.004 = 102
Ni-Si 3.28 3.4 0.007
_ Ni-Ni 3.08 3.2 0.007
pH 7.2, 10 mg/L Ni(Il), 60 d 2.04 5.8 0.003 L 9.9
Ni-Si 327 4.1 0.007
pH 6.5, 10 mg/L Ni(Il), I = 0.001 M 2.05 6.1 0.003 6.2
pH 6.5, 10 mg/L Ni(Il), = 0.01 M 2.04 59 0.003 79
pH 6.5, 10 mg/L Ni(Il), 1= 0.1 M 2.03 5.6 0.004 9.5
pH 7.2, 100 mg/L Ni(II) 2.03 5.8 0.003 Ni-Ni 2.95 1.8 0.007 10.2

R, Interatomic distance; CN, coordination number; ¢°, Debye-Waller factor; Res, a measure of the agreement between experimental and theoretical

EXAFS curves.
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boring atoms should be consistent with the structure of the
solid phase [42]. However, the average Ry; o value for the
long-time samples (~2.04 A) does not match the average
RaLo value for Al(O,0OH)g octahedron (1.85-1.97 A) and
Rsi o value for Si(O,0H), tetrahedra (1.56-1.64 A) in mor-
denite structure [36, 37]. The great dissimilarities in the
cation-oxygen distances and the coordination numbers sug-
gests that surface substitution of Ni for Al/Si structural sites
is not the driving force for Ni(II) sorption on mordenite sur-
faces. One can see from Table 1 that the central Ni is sur-
rounded by 2.9-3.2 Ni at Ni-Ni interatomic distance of
~3.07 A and 3.4-4.1 Si at Ni-Si interatomic distance of
~3.28 A, suggesting the formation of mixed Ni-Si surface
coprecipitate (i.e., Ni phyllosilicate) [43, 44]. However, it is
worthy pointing out that Ni hydroxide precipitates can not
be excluded due to the similarity of EXAFS spectra for
Ni(OH),(s) and Ni phyllosilicate with the sorption samples
[12], and thus a mixture of Ni(OH),(s) precipitates and Ni
phyllosilicate formed after the aging time of 15 d. The rela-
tive contribution of these two products to the overall Ni(II)
uptake needs further investigation. The time-variant nature
of Ni(I) sorption on mordenite is in accordance with earlier
reports in which continued Ni(Il) uptake was attributed to
the formation of surface-induced Ni (co)precipitates [45-47].
However, Strathmann er al. postulated that the time-
invariant nature of Ni(Il) sorption on boehmite at low
concentration was attributed to the formation of in-
ner-sphere complexes [48]. The differences between the
results in this work and the above-mentioned literature are
mainly attributed to the distinct surface properties of applied
materials.

The k’-weighted EXAFS spectra and the corresponding
Fourier transformed RSFs for the sorption samples prepared
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at different ionic strengths are shown in Figure 7. The
k*-weighted spectra (Figure 7(a)) are dominated by a single
sinusoid and the spectral noise is more pronounced at high
ionic strength due to the low Ni loading on the surface.
There is a large decrease in the amplitude of the signal at
k>10 A as a result of dampening of the EXAFS signal due
to a large amount of structure disorder and thermal disorder
as well as the lack of high shell back-scattering in the local
atomic structure of the central Ni atom. The corresponding
RSFs of these samples (Figure 7(b)) show only a single
peak at ~1.6 A (phase shift uncorrected), indicating a single
shell of back-scattering O atoms was located neighboring
the central Ni atom. The lack of a second peak in the RSFs
is consistent with the formation of hydrated outer-sphere
complexes on the permanent charge layer of mordenite.
Fitting results of the first shell (Ni-O) show that Ni was
coordinated with ~6 O atoms at an interatomic distance of
2.03-2.05 A for all samples (Table 1). Although there is a
small decrease in distance with increased ionic strength,
these bond distances suggest that there is no substantial
change in the first shell coordination environment due to
ionic strength changing. The interatomic distances and co-
ordination numbers indicate that the retained Ni(II) in these
samples exists in an octahedral environment with six water
ligands. The results imply that Ni(I) is retained via the
cation exchange process between Ni** and Na*/Ca®* that
saturate the exchangeable sites or electrostatic sorption in a
diffuse layer swarm. However, EXAFS technique is not
able to discriminate these two modes because the second
shell structural atoms are too distant to be detected.

For the sample prepared at initial Ni(II) concentration of
100 mg/L, pronounced features appear in the higher k posi-
tions at ~5 A and ~8 A™' (Figure 7(a)), implying the

@ 100 mg/L Ni(ll)

I=0.1 M NaCIO,

A

I=0.01 M NaCIO,

I=0.001 M NaCIlO,

(b)

100 mg/L Ni(ll)

FT (k%)

I=0.1 M NaCIO,

T T T T T T T

2 3 4 5 6 7 8 8
k(A7)

110 1"

0 1 2 3 4 5 6 7

Figure 7 k3—weighted spectra (a) and radial structure functions (RSFs) (b) produced by forward Fourier transforms (uncorrected for phase shift) of Ni(II)
sorption on mordenite as a function of ionic strength and initial concentrations. Solid and dash lines represent experimental spectra and spectral fits, respec-

tively. m/V=0.5 g/L, T=293 K.
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presence of heavy back-scattering atoms in the local coor-
dination environment of retained Ni [38, 39, 46]. In the
corresponding RSF (Figure 7(B)), a further peak with inten-
sity evidently above the background is present between 2.3
and 3.4 A, suggesting the presence of structure beyond the
first coordination shell. These features indicate the presence
of more than one ordered neighboring shell around Ni at-
oms, and therefore the outer-sphere surface complexation is
not the predominant sorption mode under this condition.
Results for the second shell fit show only Ni-Ni backscat-
tering at the interatomic distance of 2.95 A with the coordi-
nation number of 1.8 (Table 1). The presence of Ni second
neighbor atoms indicates the possible formation of Ni pol-
ynuclear surface complexes or surface precipitates. The
shorter distance of the Ni-Ni bond in the phase (2.95 A)
relative to that of Ni(OH)(s) (~3.10 A) [7, 12, 35] suggests
that the structure of this sample is not crystalline hydroxide
precipitates but a modified form appropriate to the mor-
denite structure. Attempts to include Al/Si atoms with Ni
atoms in the second shell fitting were not successful due to
improbable fitting parameters with low accuracies (data not
shown). The absence of Al/Si contributions in the second
shell indicates that the formation of mixed metal surface
precipitates did not occur for samples at the initial Ni(II)
concentration of 100 mg/L. Alternatively, the lack of Al/Si
second neighbor backscattering could be attributed to the
amplitude cancellation effect of Al/Si and Ni, where the
weak amplitude of a light element such as Al and Si could
be canceled by the overlapping of heavier Ni-Ni backscat-

(@) ion exchange/outer-sphere complexation

-

\ﬁ)[{

co-precipitation (Ni phyllosilicate)

preclpltatlon (Ni(CH),(s))
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tering [41, 49]. Furthermore, the sensitivity of the EXAFS
signal for weak second-shell backscattering atoms such as
Al/Si is low and the small coordination number of these
elements is difficult to recognize, leading to the absence of
Al/Si in the second shell fitting.

4 Potential sequestration mechanisms

Macroscopic and spectroscopic techniques were combined
to determine the sorption behavior and sequestration mech-
anisms of radionuclide **Ni(I) on mordenite. Macroscopic
experiment results show that the sorption of Ni(Il) is de-
pendent on ionic strength at low pH values, and independent
of ionic strength at high pH values. The presence of differ-
ent electrolyte ions can enhance or inhibit the sorption of
Ni(II) on mordenite in various degrees. The various results
are attributed to the different complexing abilities of these
electrolyte ions with Ni(I) ions and the difference in their
affinities on the binding sites of mordenite. EXAFS analysis
results of the samples at different ionic strengths suggest
that Ni(I) is retained via the ion exchange process, leading
to the formation of outer-sphere complexes (Figure 8(a)).
The quantitative analysis results of EXAFS spectra indicate
that the kinetics of Ni(I) sorption on mordenite surfaces can
be assigned to two distinct mechanisms. In the initial period
of rapid uptake, the sorption of Ni(I) is dominated by the
formation of inner-sphere surface complexes (Figure 8(b)).
As aging time increases, the formation of Ni phyllosilicate

(b) inner-sphere complexation

edge-shared
mode

(d) surface dimerization

Figure 8 Schematic presentation of the possible mechanisms of Ni(II) sequestration on mordenite surfaces: (a) Ion exchange/Outer-sphere surface com-
plexation; (b) inner-sphere surface complexation; (c) precipitation/co-precipitation; (d) surface dimerization.
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co-precipitates and/or Ni(OH),(s) precipitates tends to be
the main driving force for Ni(Il) sequestration under our
experimental conditions (Figure 8(C)). Results for the se-
cond shell fit of the sample prepared at an initial Ni(Il)
concentration of 100 mg/L indicate the possible formation
of Ni polynuclear surface complexes (e.g., binuclear dimers)
(Figure 8(D)).

The sequestration of Ni(II) ions on mordenite surfaces
has a significant influence on their migration, transfor-
mation, bioavailability and toxicity in environmental me-
diums. Although the applied experimental conditions in this
study are somewhat different from the real environmental
conditions, the results herein may provide an important the-
oretical principle for predicting the change tendency of trace
metals in real environmental mediums and further have a
potential application in controlling heavy metal pollution.
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