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ABSTRACT

Complexation reactions of environmentally important inorganic anions such as nitrate,
chloride, sulfate, arsenate, and phosphate on the surface of hydrotalcite-like compounds (HT)
were investigated to understand the role of HT in the immobilization of hazardous anions in an
alkaline environment. The effects of surface complexation reactions on the solid state properties
of HT were also evaluated to understand their stability. Synthetic HT was used for the
adsorption and post-adsorption experiments. The obtained adsorption isotherms showed that the
order of selectivity of HT for anions was NO; < Cl < SO4 << AsQO, < PO,. To distinguish the
adsorption mechanisms (inner-sphere complexes or outer-sphere complexes) of these anions,
zeta potential measurements and infrared absorption spectroscopic analysis were performed.
The results indicated that NO; and CI were adsorbed as diffuse ions on the outer surfaces of the
HT, while SO, formed outer-sphere complexes with a strong electrostatic interaction. Moreover,
AsO, and PO, formed inner-sphere complexes via a ligand substitution reaction on the HT
surfaces. And it was suggested that oxyanions with low ionic potential, such as AsO, and PO,,
had a tendency to form inner-sphere complexes with the HT surfaces. The formation of
inner-sphere complexes shifted the isoelectric point and the surface charge of the HT.
Furthermore, the solubility of the HT was reduced by the inner-sphere complexes with PO, and
AsO,. It was revealed that the formation of inner-sphere complexes on the HT surfaces

contributed to the stabilization of the HT, as well as a decrease in the mobility of these anions.

Keywords: Hydrotalcite-like compounds, Layered double hydroxides, Inorganic anions,

Adsorption, Surface complexation reactions, lonic potential, Solubility.



1. Introduction

Hydrotalcite-like compounds (HT), which are also referred to as layered double hydroxides
(LDH), are well known as anionic clays due to their anion-exchange properties [1]. The general
formula for HT is:

[M@* 1A, (OH),](A™)xn-mH20
where X is equal to the Al/(Mg+Al) molar fraction and ranges from 0.17 to 0.33, and A" is the
interlayer anion with a valence of n [2,3]. The brucite-like trioctahedral layers have a positive
charge due to the isomorphic substitution of AI** for Mg, and anions are intercalated into the
interlayer to maintain electroneutrality. It has been thought that the interlayer anions can be
exchanged for other anions with higher selectivity. Miyata [4] represented the order of anion
selectivity derived from the selectivity coefficients as follows:
I"<NO; <Br < CI' <F < OH" for monovalent anions
S0,* < CO5* for divalent anions

This anion selectivity depends on the diameter of the non-hydrated anion and its valence [4].

Recently HT have attracted considerable attention because of their extremely high
anion-exchange capacities of about 3 meq/g [4,5], which are comparable to organic
anion-exchange resins. Therefore, HT have been utilized as adsorbents in the removal of various
pollutants from aqueous solutions. The adsorption characteristics of inorganic anions such as
borate, nitrate, fluoride, phosphate, sulfate, chromate, arsenate, and selenate, have been
investigated (e.g., ref [6,7]). However, the adsorption mechanisms have not been fully
elucidated, especially the surface complexation reactions, as pointed out by Goh et al. [7].

The adsorption modes of ions on mineral surfaces are mainly divided into outer-sphere and
inner-sphere surface complexes. In general, the chemical interactions in inner-sphere complexes

are stronger than those of outer-sphere complexes [8]. These differences in binding strengths



influence the mobilities of ionic species in the environment. Hence, a distinction between
outer-sphere and inner-sphere complexes is significant in evaluating the degree of anion fixation
after adsorption onto HT. However, it has been mostly assumed that the adsorption mechanisms
of anions onto HT are based on the formation of outer-sphere complexes in the interlayer by
anion-exchange reactions.

In this context, this study focused on surface complexation reactions on the HT surfaces in
order to examine the adsorption mechanisms of anions onto HT. Environmentally important
inorganic anions such as nitrate (NOj), chloride (Cl), sulfate (SO,), arsenate (AsO,), and
phosphate (PO,) ions were used as the adsorbates in the experiments. To distinguish the
inner-sphere complexes from the outer-sphere complexes of these anions, zeta potential
measurements and infrared absorption spectroscopic analysis were performed. Furthermore, the

effects of complexation reactions on the solid state properties of HT were also evaluated.

2. Materials and methods
2.1. Synthesis of HT

The HT were synthesized with reference to the procedure of previous investigations [2,3].
Briefly, 50 mL of an aqueous solution containing Mg(NOs),-6H,0 and AI(NO3);-9H,0, with a
Mg/Al molar ratio of 3 and a total metal ion concentration of 0.8 mol/L, was continuously
added to 50 mL of 0.2 mol/L Na,CO; solution in a polypropylene reactor. The solutions were
stirred vigorously at room temperature. The pH was maintained at a constant value of 10 by the
simultaneous addition of 2 mol/L NaOH solution during precipitation. The pH of the suspension
was measured with a pH meter (TOA DKK HM-20P with calibrated pH glass electrode). The
total volume of the resulting suspension was adjusted to 200 mL by adding distilled water. Then,

the suspension was aged hydrotermally using a Teflon lined stainless steel crucible at 150 °C for



48 hours in a thermostatic oven. After the hydrothermal treatment, the obtained solid products
were collected by centrifugation and washed with distilled water. The washed products were
dried for 48 hours using a vacuum freeze drier. In the HT preparation, the use of glassware was

completely avoided to prevent contamination with silicate ions.

2.2. Calcination of HT

Previous studies [2,9] confirmed that the calcinations of HT at 500 °C will undergo
transformation into Mg-Al mixed oxides that would revert to the original layered structure in
the presence of water and anions through a rehydration reaction. Through this reaction,
rehydrated HT with hydroxide ions in the interlayers can be ideally derived. To obtain oxides
with mixed Mg-Al, synthesized HT were calcined in a muffle furnace at 500 °C for two hours.
The calcined HT samples were recovered without grinding and were used in anion adsorption

experiments as the precursors of HT.

2.3. Anion adsorption experiments

Batch adsorption experiments were carried out for anion adsorption onto HT. Reagents of
NaNQO;, NaCl, Na,SO., Na,HAsO,, and Na,HPO, were used as sources of each adsorbate anion.
The adsorption experiments of each anion were tested separately. To minimize the influence of
carbon dioxide, de-aerated distilled water was used. Solutions with a constant volume of 40 mL
and having various initial concentrations of anions (<10 mmol/L) were prepared, and mixed
with 40 mg of calcined HT in 50 mL polypropylene centrifuge tubes. The suspensions were
dispersed in an ultrasonic bath for two minutes, and then placed in a shaker for 24 hours at
25 °C. For NO; ions adsorption, the adsorption experiments were conducted under light

shielding. After adsorption, the equilibrium pH values of the suspensions were measured with a



pH meter. The suspensions were then separated by centrifugation and the supernatant solutions
were filtered through a 0.2 um PTFE membrane filter. The obtained filtrate was analyzed for
remaining anion and metal ion concentrations. Some colloidal aluminum was maybe contained
in the filtrate.

The concentrations of nitrate ions were analyzed by absorption spectrophotometry using a
JASCO V-550. The concentrations of chloride ions were analyzed by ion chromatography using
a Metrohm 861 Advanced Compact IC. The concentrations of magnesium, aluminum, sulfur,
arsenic and phosphorus were analyzed by inductively-coupled plasma atomic emission

spectrometry (ICP-AES) using a SHIMADZU ICPE-9000.

2.4. Characterization of HT samples

The Mg/Al molar ratio of rehydrated HT was determined as follows. Precisely 10.0 mg of
rehydrated HT was dissolved in 100 mL of 1 mol/L HNO;. Then the solution was diluted to
one-tenth with ultrapure water. The obtained solution was analyzed for magnesium and
aluminum concentrations using a SHIMADZU ICPE-9000 (ICP-AES).

Rehydrated HT and anion-adsorbed HT were characterized by powder X-ray diffraction
(XRD), attenuated total reflection Fourier-transform infrared (ATR-FTIR), and zeta potential
measurements. The XRD profiles of the samples were collected using a Rigaku RINT 2100
powder diffractometer with Cu Ka radiation (A = 0.15406 nm) at 30 kV and 20 mA in the 2 to
70° range, with a scanning rate of le¢/min. The ATR-FTIR spectra of rehydrated HT,
anion-adsorbed HT powder, and solutions containing each anion, were recorded using a JASCO
FT/IR-6200 spectrometer with a diamond crystal from 400 to 4000 cm™. The zeta potential
measurements of the HT suspensions with adsorbed anions were carried out using a MALVERN

Zetasizer NanoZS90 at 25 °C. The concentrations of suspended solids were adjusted to 1.0 g/L.



Concurrently, the pH values of the suspensions were also determined, and the pH was changed

using an autotitrator (MALVERN MPT-2) by the addition of 0.1 mol/L HNO; solution.

2.5. Speciation and activity analysis
The speciation, activity and saturation calculations were determined by using PHREEQC
code [10], and the thermodynamic database THERMODDEM [11] was used in the calculations.

The extended Debye-Huickel equation [8] was used for calculating the activity coefficients.

3. Results and discussion
3.1. Adsorption isotherms

The adsorption isotherms of inorganic anions (NOs, Cl, SO4, AsO,, and POg4) onto HT are
shown in Fig. 1. The amounts of adsorbed anions are expressed in mmol/g-calcined HT, which
does not reflect the equivalent of anionic valence. The equilibrium pH rose with increasing
amounts of anion adsorption, in every anion system. This indicates that hydroxide ions in the
HT interlayer were released into the bulk solution by adsorption of the other anions. The results
in Fig. 1 showed that the order of anion selectivity of HT is NO; < Cl < SO, << AsO, < PO,.
Hence, the resulting orders of selectivity based on the mole amounts are consistent with the
results of Miyata [4]. If the anions are intercalated into the HT interlayers with the same
chemical species as the dissolved anions in the bulk solution (pH 10.6 to pH 11.4), NOs and Cl
display an exchange efficiency of only about 15 percent of the theoretical anion-exchange
capacity of HT (6.10 meqg/g-calcined HT). Therefore, the rest should be compensated by
hydroxide ions. And sorbed SO, amounts for 30 percent of the total anion exchange capacity. In

particular, AsO4 and PO, ions showed great affinity for HT.



3.2. Characteristics of rehydrated HT and HT with adsorbed anions

Rehydrated HT represents the fully-hydrated Mg-Al mixed oxides in anion-free distilled
water. The Mg/Al molar ratio of renydrated HT was determined to be 3.0 by ICP-AES analysis.
This resulting ratio corresponds exactly to the composition of the mixed metal solution prepared
in the HT synthesis process.

The XRD patterns of rehydrated HT and HT with adsorbed anions are shown in Fig. 2. The
XRD pattern of rehydrated HT showed a clear layered structure, and there were no crystalline
by-products. The measured dys Spacing was 0.770 nm, which contains hydroxide ions in the
interlayer. Rehydrated HT was completely restored to the original layered structure within 24
hours in distilled water. The dys values of HT with adsorbed NO; (HT-NOs), ClI (HT-CI), SO,
(HT-S0,), AsO, (HT-AsO,), and PO, (HT-PO,), were 0.776, 0.782, 0.798, 0.774, and 0.768 nm,
respectively. The dgys Spacing is equivalent to the thickness of the unit layers. Since the
thickness of brucite-like layers is 0.477 nm [12], the interlayer spacing can be calculated as
0.293, 0.299, 0.305, 0.321, 0.297, and 0.291 nm, respectively, for rehydrated HT, HT-NOs,
HT-CI, HT-SO,, HT-AsO,, and HT-PO,. On the other hand, the ionic diameters of NOs, CI,
SO,%, AsO,*, HPO,”, and OH are 0.358, 0.362, 0.480, 0.496, 0.476, and 0.266 nm,
respectively [13]. It can clearly be seen that NO; and ClI ions have very similar ionic diameters
and charge densities, and the interlayer distances of HT-NO; and HT-CI were also similar.
However, these interlayer distances were smaller than their anionic diameters, which is
attributable to the surplus OH" ions still remaining in the HT interlayers. In contrast, the
diameters of SO, ions are relatively large, and the interlayer distance of HT-SO, was larger in
comparison to HT-NO; and HT-CI. In the case of HT-AsO, and HT-PQ,, their interlayer spacing
were very similar to those of HT-NO; and HT-CI even though AsO, and PO, ions have

diameters and charge densities similar to SO, ions. This result suggests that AsO, and PO, ions



could interact strongly with the brucite-like sheets in the HT interlayers. The study of Gillman et
al. [14] also observed the changes in the dges spacing of HT in relation to the adsorbed amount
of SO, and PO, ions, and confirmed that the dyez spacing of HT with adsorbed PO, varied only
slightly with increasing adsorbed amounts, when compared to SO, adsorption, which increased
significantly. This is in agreement with the current results of AsO, and PO, adsorption by HT,
wherein these ions exhibit different adsorption behavior compared to SO,, though they have

charge densities similar to SO, ions.

3.3. Adsorption mechanisms of anions on HT

Fig. 3 shows the zeta potential of HT samples with adsorbed anions. The zeta potential of
rehydrated HT developed a positive charge of approximately +33 mV at pH 10.6, which is
attributable to the permanent structural charge and the protonation reactions of surface hydroxyl
groups. Moreover, Han et al. [15] also reported that the isoelectric point (pHep) of HT is greater
than or equal to 12. For HT-NO; and HT-CI, only slight shifts in the zeta potential within the pH
range from 10.7 to 11.1 were observed. However, the zeta potential of HT-SO, decreased
significantly in the pH range, from 10.8 to 11.4, when the adsorbed amount increased. The zeta
potential of HT samples nearly saturated with SO, was around 0 mV. The zeta potentials of
HT-AsO, and HT-PO, also decreased in the pH range, from 10.6 to 11.4, with increases in
adsorbed amounts, but the zeta potentials dropped to negative values compared to HT-SO,.
These results indicate that AsO, and PO, ions were strongly attached on the HT surfaces in
addition to the charge balance.

The study of Chatelet et al. [5] also conducted zeta potential measurements of HT samples
dispersed in electrolyte solutions containing various anions such as CI", SO,%, CO3*, and CrO,?,

and concluded that the zeta potential of the HT only dropped significantly when SO,*, CO5*,



and CrO,> were used. Their results suggest that SO,*, CO5*, and CrO,> were adsorbed strongly
on the outer surfaces of the HT. The findings of Lagaly et al. [16] also confirmed the significant
decreases in the zeta potential of HT dispersed in HPO, electrolyte solution. However, these
studies made no reference to the adsorption mechanisms of anions.

It is generally assumed that the zeta potential corresponds to the electrostatic potential at the
shear or slipping plane, which is the boundary between the liquid adhering to the solid surfaces
and the mobile liquid, and is established by means of electrophoretic mobility measurements.
This shear or slipping plane is located slightly outside of the d-plane, which is the plane
bordering the diffusion layer in the triple-layer model by Hayes et al. [17]. Thus, the results
suggest that NO; and CI ions were distributed in the diffusion layer as diffuse ions on the HT
outer surfaces, while SO,, AsO,, and PO, ions formed either outer-sphere complexes with a
strong electrostatic interaction or inner-sphere complexes within the shear plane of the HT.

To investigate further the adsorption mechanisms of SO4, AsQ,, and PO, ions on HT, infrared
absorption spectra measurements were also performed. The infrared absorption spectrum of
HT-SO,4, measured by an attenuated total reflection Fourier-transform infrared (ATR-FTIR)
method, is shown in Fig. 4A. The spectrum of the 0.5 mol/L Na,SO, solution adjusted to pH 10
was also conducted for comparison. The infrared spectrum of the Na,SO, solution showed an
absorption band at around 1100 cm™, which corresponds to the antisymmetric stretching
vibrations (vs) of dissolved SO,* [18]. The spectrum of HT-SO, was also similar to the spectrum
of the Na,SO, solution, and only a slight shift to a higher wavenumber was detected. However,
it has been reported that when SO, ions are in direct combination with metal atoms, the
symmetric vibrations (v;) of SO, exhibit infrared activity at around 975 cm™, and the
antisymmetric stretching vibrations (vs) of SO, are divided into two or more peaks [19-21].

Hence, the results suggest that SO, ions were mainly adsorbed as outer-sphere complexes on the

10



HT, and the changes in the zeta potential clearly show that SO, ions were adsorbed with a much
stronger electrostatic interaction than NO; or Cl ions. The strong retention of SO, may cause the
slight shift in the infrared spectrum of HT-SO,.

The infrared absorption spectrum of HT-AsO,4 and the 0.5 mol/L Na,HAsO, solution adjusted
to pH 10 are shown in Fig. 4B. The absorption band around 860 cm™ in the spectrum of the
Na,HAsO, solution corresponds to the antisymmetric stretching vibrations (vs) of dissolved
HAsO,* [22,23]. The spectrum of HT-AsO, showed a broad peak around 810 cm™, which is
similar to AsQ, ions forming inner-sphere complexes under alkaline conditions on ferric or
titanium oxide surfaces [23,24].

The infrared absorption spectrum of HT-PQ, is shown in Fig. 4C, together with the spectrum
of the 0.5 mol/L Na,HPO, solution adjusted to pH 10. The absorption bands around 990 cm™
and 1077 cm™, shown by the Na,HPO, solution, correspond to antisymmetric stretching
vibrations (vs) of dissolved HPO,* [21,25]. The spectrum of HT-PO, showed a characteristic
absorption peak at 1032 cm™ and a shoulder around 1090 cm™, which is completely different
from the spectrum of the Na,HPO, solution. This observation agrees with previous findings that
when PO, ions form inner-sphere complexes under alkaline conditions on ferric hydroxide
surfaces, the characteristic bands of antisymmetric stretching vibrations (v;) of PO, appear at
1044 cm™ and 1089-1096 cm™ [25-27].

These results clearly indicate that the adsorbed AsO, and PO, on the HT were of a different
form than the dissolved ions, and were forming inner-sphere complexes directly with the metals
(Mg or Al) via ligand-exchange reactions with hydroxyl groups on the HT surfaces. The
observed changes in the zeta potential may reflect the adsorption reactions of anions on the HT
outer surfaces, while the infrared spectra reflect the adsorption reactions of anions on the whole

of the HT solid phase. Therefore, the formation of inner-sphere complexes in the AsO, and PO,
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systems occurred both on the HT outer surfaces and on interlayer sites. The smaller interlayer
distances and the broad diffraction patterns of HT-AsO, and HT-PQ,, as estimated by the XRD
analysis may reflect the above reactions in the interlayer. Such specific adsorption of AsO, and

PO, ions was also reported in other minerals [28,29].

3.4. Adsorption behaviors and basic properties of inorganic anions

The anion adsorption mechanisms established in this study indicate significant differences in
the chemical bonding strength of each anion with HT. These differences in their adsorption
mechanisms greatly influence the adsorption stability and mobility of anions. Moreover, the
different adsorption mechanisms also affect the anion selectivity of HT, and the order becomes
diffuse ions (NO; and CI) < outer-sphere complexes (SO,) < inner-sphere complexes (AsO,4 and
PO,). Miyata [4] represented an order of anion selectivity which is derived from the
Gaines-Thomas equilibrium constant for HT, and concluded that the anion selectivity of HT
depends on the anionic size and valence. However, SO, showed different adsorption affinity
compared to AsO, or POy, even though they have a similar anionic size and valence. Thus, the
anionic size and valence are not the only critical factors in determining the adsorption properties
of anions on HT.

The relative affinities of anions on HT are strongly associated with their adsorption modes
and surface complexation reactions. Particularly in mononuclear oxyacids, the inherent
chemical properties of the central elements, such as the ionic potential (IP) [8,30], also
contribute to the surface complexation reaction. The IP is expressed as the ratio of the oxidation
number to the ionic radius of the central element. The IP values of N, S, P, and As were
estimated as 38.5, 20.7, 13.2, and 10.9 respectively. Oxyanions with a high IP, such as NO3 and

SO,, cause deprotonation reactions, and tend to be present as oxyanions. In contrast, AsO, and
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PO, have a low IP, and have a tendency to form inner-sphere complexes with metal atoms on
mineral surfaces. Therefore, oxyanions with a low IP, such as molybdate, tungstate, borate, and
silicate ions, are expected to have a similar adsorption behavior to AsO,4 and PO,. Furthermore,
if the complexation reactions of inorganic anions are scrutinized in detail, they may be
employed as a qualitative index, in order to predict the adsorption mechanisms of organic

anions whose behavior is greatly influenced by the properties of functional groups.

3.5. Effects of surface complexation on HT properties

To evaluate the effects of surface complexation reactions of anions on HT’s physicochemical
properties, isoelectric point (pHgp) measurements were carried out. The pHig is a value
peculiar to a mineral, and is an important physicochemical indicator of the mineral’s surface
properties. The pHep corresponds to a pH value when the zeta potential is 0 mV, and can be
obtained by zeta potential measurements with varying pH. The values of the zeta potentials of
HT with different anions, as a function of pH conditions, are shown in Fig. 5. With decreases in
pH, pH buffering effects may be caused both by releases of interlayer hydroxide ions and by
slight dissolutions of the HT itself.

The changes in the zeta potential of rehydrated HT, in the pH range from 3.9 to 10.5, were
small and varied only from +33 mV to +40 mV. In the case of HT-NO; and HT-CI, the zeta
potentials were almost the same as that of rehydrated HT, and their corresponding pHep values
were above 11. Since NO; and Cl ions were adsorbed on the HT outer surfaces as diffuse ions,
these ions have no effect on the zeta potential and the pHgp.

On the other hand, the zeta potential of HT-SO, is much lower than that of rehydrated HT.
This difference may be caused by the strong outer-sphere complexation of SO, ions inside the

d-plane. However, it can be expected that the adsorption of SO, ions on the HT surfaces was
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owing solely to the maintenance of the electrostastic balance, as it was observed that its zeta
potential was almost equal to 0 mV at pH 3.5to 11.0.

In the case of the HT-AsO, and HT-PO, samples, the zeta potentials gradually increase with
decreasing pH, from -30 mV at pH 11 to 0 mV around pH 5.0. The gradual change in the zeta
potential with decreasing pH might be caused by a decrease in the valences of the adsorbed
anion on the HT. The pH,g of both HT-AsO4 and HT-PO, was about 5.0, which differs widely
from that of rehydrated HT. Such shifts in the pH,er caused by the specific adsorption of anions
were also reported for goethite [31] and allophone [32]. This reaction can cause variations in the
intrinsic pHgp for each mineral. Moreover, the drastic fall in the pH,er by anion adsorption on
HT may be expected to change the resistance to dissolution reactions of HT, especially under
acidic conditions.

To study the influence of inner-sphere complexes on the solubility of HT, the solubility
changes of HT with specific adsorbed anions were analyzed. The dissolution reaction of
rehydrated HT (Mg/Al = 3) synthesized in this experiment may be expressed as MgsAl(OH)g +
9H" — 3Mg® + AI** + 9H,0, and the solubility product (Ks,) in the above reaction is Ky, =
(amgz+)*(@ai+)/(an+)’. Since the data of the solubility product of HT with Mg/Al = 3 is not
available, the IAP (actual ion activity products of the solution) of rehydrated HT was calculated
based on the solution composition data at the adsorption equilibrium after 24 hours.

Changes in the IAP of rehydrated HT (IAP47), as a function of the amount of adsorbed anions,
are shown in Fig. 6. The log(IAP4r) calculated from the solution composition of anion unfilled
sample was 60.5. However, the log(IAPyr) of anion added samples varied from 57.8 to 59.6,
and was almost one order of magnitude less than that of the anion unfilled sample. This change
was especially large in the case of the PO, systems. The IAP is an activity product, and ay. is

present as a chemical species in the 1APyr. Based on the above equation of the solubility

14



products, the ionic strength and pH are functions of the IAPyr. Hence, if the pH increases,
(aM92+)3(aA|3+) decreases. However, the value of the IAPyr itself would ideally be constant in
every system when anions were added. The decrease in the IAPyr in the samples with added
anions indicates that the solubility of the HT decreased, even if the IAPyr accounts for the
differences between the ionic strengths and the pH. This suggests that adsorption reactions with
small amounts of AsO, or PO, ions can induce a notable decrease in the solubility of HT. This
factor may relate to the modification of the HT surfaces caused by the formation of inner-sphere
complexes, as established by the zeta potential measurements. It is also known that in iron
minerals, the stability of the mineral itself will change depending on the kind of adsorbed ion.
Fukushi et al. [33] investigated the adsorption of AsO, ions on schwertmannite, and concluded
that the solubility of schwertmannite was reduced as a result of the reactions due to solid
solution formation.

This study confirmed that the formation of inner-sphere complexes on the HT surfaces
contributes to the stabilization of HT, and to a decrease in the mobility of anions. It is also
noteworthy that the stability of the mineral itself varies accordingly to the kind of adsorbed
anion. Hence, it must be stressed that carefully examining the adsorption mechanisms of ions on
mineral surfaces is very important, not only in the prediction of the mobility of anions, but also
in long-term stability assessments of potential changes in, and the stability of, the mineral. It has
recently been noted that there are many environmental issues related to the behavior of harmful
anions, especially in the disposal environments of wastes that lead to alkaline conditions. For
example, in the disposal or secondary use of steel slag and fly ash, there are growing concerns
about the elution of anions such as borate, arsenate, chromate, vanadate, molybdate, and
selenate (e.g., ref [34,35]). Consequently, an effective and inexpensive adsorbent for harmful

anions has been required in those alkaline disposal sites. In the actual use of a given adsorbent,
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more attention should be paid to its competitive adsorption properties and the post-adsorption
stability of the targeted ion. Although it is expected that HT will work well in the
immobilization of such hazardous anions, it is not enough to attempt to solve these problems
fundamentally based on previous research, which only focused on the adsorbed amounts of
various anions on HT in systems independent of each other. The important distinction between
outer-sphere and inner-sphere complexes on HT has never even been investigated in many
previous studies. And according to the suggestions of previous studies, there is a fear that
carbonate ions will compete with the other targeted anion in the use of HT in a natural
environment. However, carbonate ions with a high IP are expected to be released when they
compete with other anions with a tendency to form inner-sphere complexes, as described in this
study. Furthermore, this study confirms the more stable retention of the hazardous oxyanions
with a low IP. Thus the findings from this study could provide a new assessment strategy for

applications of HT in light of the environmental concerns above.

4. Conclusions

The results of adsorption experiments showed that the order of selectivity of HT for anions
during adsorption was NO; < Cl < SO, << AsO, < PO, The results of zeta potential
measurements and infrared absorption spectroscopic analysis indicated that NO; and ClI ions
were adsorbed as diffuse ions on the outer surfaces of HT, while SO, formed outer-sphere
complexes with a strong electrostatic interaction. Moreover, AsO, and PO, formed inner-sphere
complexes via a ligand-substitution reaction on the HT surfaces. The adsorption mode of anions
on HT should be determined by chemical properties inherent in the elements; oxyanions with a
low IP have a tendency to form inner-sphere complexes with the HT surfaces. The formation of

inner-sphere complexes shifted the pH,e and the surface charge of the HT. Furthermore, the
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solubility of the HT was reduced by the inner-sphere complexes with PO, and AsO,. It was
revealed that the formation of inner-sphere complexes on the HT surfaces contributed to the

stabilization of the HT, and to a decrease in the mobility of these anions.
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Figure captions

Fig. 1. Adsorption isotherms for the anions onto HT. Equilibrium pH ranged from 10.7 to 11.1
in the NO; system, from 10.8 to 10.9 in the CI system, from 10.8 to 11.4 in the SO, system,
from 10.7 to 11.3 in the AsO, system, and from 10.6 to 11.4 in the PO, system. The
concentrations of solids were adjusted to 1.0 g/L. Each plot indicates the average of two

different samples.

Fig. 2. XRD patterns of rehydrated HT and HT with different anions. The initial anion

concentration was adjusted to 10 mmol/L for each sample.

Fig. 3. Zeta potentials of HT with the different anions. The equilibrium pH of rehydrated HT
suspension was 10.6. The equilibrium pH ranged from 10.7 to 11.1 in the NO;3 system, from
10.8 t0 10.9 in the CI system, from 10.8 to 11.4 in the SO, system, from 10.7 to 11.3 in the AsO,

system, and from 10.6 to 11.4 in the PO, system.

Fig. 4. (A) ATR-FTIR spectra of SO,: (a) the 0.5 mol/L Na,SO, solution adjusted to pH 10, and
(b) HT-SO, with 0.865 mmol-SO,/g-calcined HT. (B) ATR-FTIR spectra of AsO,: (a) the 0.5
mol/L  Na,HAsO, solution adjusted to pH 10, and (b) HT-AsO, with 1.91
mmol-AsQ,4/g-calcined HT. (C) ATR-FTIR spectra of PO,: (a) the 0.5 mol/L Na,HPO, solution

adjusted to pH 10, and (b) HT-PO, with 2.11 mmol-PO,/g-calcined HT.

Fig. 5. Changes in the zeta potential of rehydrated HT and HT with the different anions as a

function of pH. The initial anion concentration was adjusted to 10 mmol/L for each sample. The
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concentrations of suspended solids were adjusted to 1.0 g/L, and a pH was changed by adding

0.1 mol/L HNO5 solution.

Fig. 6. IAPyr in the reacted solutions as a function of the amount of adsorbed anions.
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Fig. 1. Adsorption isotherms for the anions onto HT. Equilibrium pH ranged from 10.7 to 11.1
in the NO; system, from 10.8 to 10.9 in the CI system, from 10.8 to 11.4 in the SO, system,
from 10.7 to 11.3 in the AsO, system, and from 10.6 to 11.4 in the PO, system. The
concentrations of solids were adjusted to 1.0 g/L. Each plot indicates the average of two

different samples.
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Fig. 2. XRD patterns of rehydrated HT and HT with different anions. The initial anion

concentration was adjusted to 10 mmol/L for each sample.
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Fig. 3. Zeta potentials of HT with the different anions. The equilibrium pH of rehydrated HT
suspension was 10.6. The equilibrium pH ranged from 10.7 to 11.1 in the NO;3 system, from
10.8 t0 10.9 in the CI system, from 10.8 to 11.4 in the SO, system, from 10.7 to 11.3 in the AsO,

system, and from 10.6 to 11.4 in the PO, system.
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Fig. 4. (A) ATR-FTIR spectra of SO, (a) the 0.5 mol/L Na,SO, solution adjusted to pH 10, and
(b) HT-SO, with 0.865 mmol-SO,/g-calcined HT. (B) ATR-FTIR spectra of AsO,: (a) the 0.5
mol/L  Na,HAsO, solution adjusted to pH 10, and (b) HT-AsO, with 191
mmol-AsQ,4/g-calcined HT. (C) ATR-FTIR spectra of PO,: (a) the 0.5 mol/L Na,HPO, solution

adjusted to pH 10, and (b) HT-PO, with 2.11 mmol-PO,/g-calcined HT.
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