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ABSTRACT

A series of calcined carbonate layered double hydroxides (CLDHs) with various metal compositions
and different M2*/M>3* ratios were prepared as adsorbents for perchlorate. Adsorption isotherms fit
Langmuir model well, and the adsorption amount followed the order of MgAI-CLDHs > MgFe-
CLDHs > ZnAl-CLDHs. The isotherms of MgAl-CLDHs and MgFe-CLDHs displayed a two-step
shape at low and high concentration ranges and increased with an increase in the M2*/M3* ratio
from 2 to 4. The two-step isotherm was not observed for ZnAl-CLDHs, and the adsorption was
minimally affected by the M>*/M3* ratio. The LDHs, CLDHs and the reconstructed samples were
characterized by X-ray diffraction, SEM, FT-IR and Raman spectra to delineate the analysis of
perchlorate adsorption mechanisms. The perchlorate adsorption of MgAl-CLDHs and MgFe-CLDHs
was dominated by the structural memory effect and the hydrogen bonds between the free hydroxyl
groups on the reconstructed-LDHs and the oxygen atoms of the perchlorates. For ZnAl-CLDHs, the
perchlorate adsorption was controlled by the structural memory effect only, as the hydroxyl groups on
the hydroxide layers preferred to form strong hydrogen bonds with carbonate over perchlorate, which
locked the intercalated perchlorate into a more confined nano-interlayer. Several distinct binding
mechanisms of perchlorate by CLDHs with unique M>* ions were proposed.

1999). This flexibility made LDHs popular in many fields.

Introduction

For example, the change of the x value could affect the
purity of LDHs, and the distance between M?* and M3*
could cause a change in the layer charge density (Newman

Layered double hydroxides (LDHs) have been increasing-
ly considered to function as novel functional materials
to control environmental pollution, especially for organ-
ic and inorganic anionic pollutants (Goh et al., 2008;
Lin et al.,, 2014). LDHs are characterized by positively
charged layer structures, due to the isomorphous substi-
tution of M?* to M3* (Cavani et al., 1991; Khan and
O’Hare, 2002; Rives and Ulibarri, 1999). In the formula
[M;_,>"M,**(OH), ] (A"),/-mH,0, the type of M2,
M3, A" and the value of x (x = M3*/(M?* + M3*))
can be changed as needed (Allmann et al., 1970; Cavani
et al., 1991; Duan and Evans, 2006; Rives and Ulibarri,

* Corresponding author. E-mail: blchen@zju.edu.cn

et al., 2001; Sideris et al., 2008). The types of M2+ and
M3* would affect the unit cell parameters, following a
change of interlayer spacing such as spatial symmetry
or spacing distance (Gregoire et al., 2012; Wang et al.,
2008; Yan et al., 2009). These features will eventually
impact the molecular mechanism between the hydroxide
layer and the interlayer anion, which further determine
the environmental applications of LDHs (Kloprogge et al.,
2002; Lin et al., 2014; Miyata, 1980).

The calcined carbonate LDHs (CLDHs) are prepared as
novel adsorbents for the abatement of anionic pollutants

from aqueous solution, and they are dominated by the
structural reconstruction of LDHs (i.e., memory effect)
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(Cai et al., 2012; Lin et al., 2014; Rocha et al., 1999;
Lv et al., 2006). In the majority of previous studies, on
the anion adsorption of LDHs and CLDHs, have focused
on the anions’ adsorption performance on LDHs under
various environmental conditions (Goh and Lim 2010;
Sandip et al., 2013; Wang et al., 2008; Zhang et al.,
2012). However, few reports on the molecular interactions
between anions and LDHs or CLDHs are available, though
it is of paramount importance to accurately predict the
adsorptive properties of the adsorbent and subsequently to
optimize the adsorption and regeneration processes (Goh
et al., 2012; Wang et al., 2008). Goh and Lim (2010) com-
pleted an excellent work on the interaction mechanisms
of oxyanions and oxyhalides that have different molecular
properties on Mg/Al LDHs nanoparticles. The monovalent
oxyhalides (BrO;, CIO;, IO;, and CIOZ) were adsorbed
by LDHs mainly via the anion exchange mechanism with
subsequent formation of outer-sphere surface complex-
es. Comparatively, the polyvalent oxyanions (HAsO?~,
B,02", CrO?~, MoO3~, and VO;~) were associated with
LDHs via both anion exchange and ligand exchange
reactions, which resulted in the coexistence of both outer-
sphere and inner-sphere surface complexes (Goh et al.,
2012).

Perchlorate (ClO}) is an emerging trace contaminant
with a tetrahedron structure (Fang and Chen, 2012;
Jackson et al., 2010; McDougal et al., 2011). As the
chlorine atom (in the center of the tetrahedron structure)
is surrounded by four oxygen atoms, the perchlorate ion
exhibits strong stability and refractory properties (Kirk,
2006; Motzer, 2001). Thus, it is viewed as a persistent
environmental pollutant (Fang et al., 2011). Furthermore,
when it enters the human body, it may cause metabolic
disturbance and thus induce a series of diseases (Roy and
Bickerton, 2012; Lv et al., 2006; Wilkin et al., 2007; Fang
and Chen, 2013). Certain studies regarding the application
of LDHs to remove perchlorate mainly focused on the
removal capacity because of their higher adsorption ca-
pacity than many other adsorbents (Kim et al., 2011; Lien
et al., 2010; Seliem et al., 2011; Xu et al., 2010; Yang et
al., 2012). However, the specific interaction mechanism of
perchlorate with LDHs should be elucidated at molecular
levels. Furthermore, the regulating roles of the flexible
structure of LDHs in the interaction mechanisms have yet
to be determined.

The main objective of this work was to probe the molec-
ular interaction mechanisms of perchlorate with CLDHs
by changing the composition types and ratios of M>*/M3*
on the CLDHs. We hypothesize that the different metal
compositions may impact the content, site, and orientation
of the hydroxyl groups in the LDHs, which directly affect
the H-bond formation and regulate their contribution to
perchlorate uptake. To this end, Mg?*/AI**, Mg?*/Fe’*
and Zn?*/AI** carbonate LDHs with molar ratios of 2,
3 and 4 were synthesized, and corresponding CLDHs

were prepared. The adsorption of perchlorate to CLDHs
was performed by the batch equilibration method. To
explain the analysis of the interaction mechanism, X-ray
diffraction (XRD), scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR) and Ra-
man spectra were applied for the characterization of the
carbonate LDHs, CLDHs, and the reconstructed associated
ClO;, ions of the LDH samples.

1 Experimental

1.1 Synthesis of LDHs and CLDHs.

A series of carbonate MgAl-LDHs, MgFe-LDHs, and
ZnAl-LDHs with M?*/M3* molar ratios of 2, 3 and
4, respectively, were synthesized using a conventional
co-precipitation method described elsewhere (Lin et al.,
2014). In detail, solution A was prepared by dissolving
MCl,-6H,O and MCIl;3-6H,O in 200 mL of DI water,
and the total concentration of M** + M3* was 2 mol/L.
Solution B was mixed with NaOH and Na,CO;5 in 200
mL of DI water, yielding concentrations of 2 mol/L NaOH
and 0.2 mol/L Na,COs3. All of the chemicals used were
of analytical grade. A peristaltic pump was used to add
the two solutions to a 500 mL conical flask, and the rate
was regulated at 1 drop per second. The conical flask was
placed in a water bath with vigorous magnetic stirring
at room temperature. After the two solutions underwent
homogeneous mixing, the conical flask was kept still for
the precipitate aged at 75°C. The precipitation was then
collected, washed with repeat centrifugation and dried
at 65°C. The CLDHs were obtained from the LDHs
in a muffle furnace at 500°C for 3 hr. The selected
temperature was the most favorable calcination temper-
ature range, which was widely used to prepare CLDHs
using the memory effect (Lv et al., 2006; Yang et al.,
2012). The obtained solid was ground and passed through
a 0.154 mm sieve. The final LDHs were named with
MgAl-LDHs-2, MgAl-LDHs-3, and MgAl-LDHs-4 for the
LDHs with Mg/Al ratios of 2, 3, and 4, respectively.
The corresponding CLDHs were named MgAl-CLDHs-
2, MgAIl-CLDHs-3, and MgAl-CLDHs-4. Similarly, the
sample names of MgAIl-LDHs, MgAl-CLDHs, MgFe-
LDHs, MgFe-CLDHs, ZnAl-LDHs, and ZnAIl-CLDHs
were changed according to the metal composition instead
of MgAl, MgFe, and ZnAl.

1.2 Sorption experiments

The batch equilibration method was applied to the ad-
sorption isotherms of perchlorate using different CLDHs.
The natural pH of the LDH suspension was 10. Each
isotherm contained fourteen concentration points ranging

from 1 to 450 mg/L, including the blagk samples and
parallel samples. A given amount of CLO}Hs were added
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to the glass screw-cap vials with different concentrations
of ClO;. When apparent equilibrium was obtained by
shaking the solid-liquid mixture at 25°C and 120 r/min
for 24 hr, the solid was separated by centrifugation. The
filtered supernatant was analyzed using ion chromatogra-
phy (IC system ICS1500, Dionex) which was equipped
with a Dionex 4-mm ASRS suppressor, 4x250 mm IonPac
AS16 column, 4x50 mm IonPac AG16 guard column and
a twenty-five-microliter injection loop. The detection was
operated under a 60 mmol/L NaOH eluent flowing at 1
mL/min at 30°C, and the detection limit of perchlorate
was 0.05 mg/L. The reconstructed LDHs with ClO; as
an interlayer anion were named MgAl-LDHs-C104, MgFe-
LDHs-CIOy4, and ZnAl-LDHs-ClOy.

1.3 Structural characterization of samples before and
after the adsorption of perchlorate

The structures of the carbonate LDHs, CLDHs and the
reconstructed LDHs after the adsorption of perchlorate
ions were characterized by XRD, SEM, FT-IR and Raman.
The XRD patterns were obtained by a Rigaku D/Max
2550/PC diffractometer with Cu Ka radiation (A = 1.541
A)ata scanning rate of 2°/min and a step size of 0.02°-
0.05° of 20. The SEM images were shot by a field
emission scanning electron microscope manufactured by
FEI SIRON in Holland. The FT-IR spectra were collected
using a Bruker Vector 22 FT-IR spectrophotometer, using
KBr pellets at a resolution of 1.0 cm™! with a scan range

of 4000400 cm~!. The Raman spectra were recorded
through a LabRAM HR UV instrument, equipped with an
Olympus microscope, triple monochromator and a Peltier-
cooled charge-coupled device. An Ar* laser (514.5 nm)
that excited at a resolution of 1.0 cm™! was applied to
produce relevant spectra.

2 Results and discussion

2.1 Structural characteristics of LDHs and CLDHs

The XRD patterns of the carbonate LDHs and the CLDH
are shown in Fig. 1. The distinct reflections of (003), (006),
(012), (015), (018) and (110) in the LDHs-CO3 patterns
indicated the formation of the typical lamellae structure
(Duan and Evans, 2006; Newman et al., 2001; Rocha et
al., 1999). Only hydrotalcite phase was observed in each
sample, and no crystalline phase was detected. The pres-
ence of (012), (015) and (018) reflections suggested that
the LDHs have the 3R, structure, which always appeared
in LDHs-CO3 (Duan et al., 2006). The patterns of CLDHs
only showed the metal oxide diffraction peaks. The cell
parameter c, calculated from the dgo3 value (¢ = 3dgo3),
corresponds to the adjacent distance of the hydroxide
layer; the parameter a, calculated from the d;¢ value (a
= 2dy0), corresponds to the average distance between the
M2+ and M3* cations within the layers (Cavani et al.,

(003)

Sample

Cell parameters Cell parameters

Sample

a(A) c(A) a(A) c(A)
ZnAl-L  3.0802 22986  ZnAl-P  3.0646  22.752
MgAL-L  3.0636  23.514 MgAl-P  3.0608  24.024
MgFe-L  3.1114  23.514 MgFe-P  3.1132  27.675
(006) (012)
(015) (018) (110)
ZnAl-LDHs
JL MgAI-LDHs
AN
MgFe-LDHs

A J\\_—_MZnAI—CLDHs

MgAl-cLDHsg

MgFe-cLDHg

ZnAl-LDHs-ClO,”
MgAI-LDHs-CIO,”

Lol 04y MeFelDHs-CIOS

40

45 50 55 60 65 70 75

20 (degree)

Fig.1 X-ray diffraction patterns of the LDHs-COj3, CLDH samples and the reconstructed LDHs samples after adsorbing C1O; with different metal
cation composition (ZnAl, MgAl, and MgFe). The inserted table presents the lattice (unit cell) parameters, in which the a value corresponds to the

average distance between the M>* and M3 cations within the layers, and the ¢ value refers to three times the layer-to-layer distallce, assuming a 3R

stacking of the layers. The molar ratio of M>*/M3* equals 3.
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1991). These parameters of the LDH-CO; are listed in
the inserted table in Fig. 1. The value of a for MgAl-
LDH-3 (i.e., 0.306 nm) was smaller than the value for
ZnAl-LDH-3 (i.e. 0.308 nm) because the Shannon crystal
radius of Mg?* (0.086 nm) is smaller than that of Zn>*
(0.088 nm). Similarly, the value of a for MgAIl-LDH-3 was
less than that of MgFe-LDH-3 (i.e. 0.311 nm) because the
crystal radius of AI** (0.0675 nm) was lower than that of
Fe’* (0.0785 nm) (Shannon, 1976). The parameter ¢ value
appears to be more dependent on the type of M?** over
the type of M3*. For example, the ¢ value of ZnAl-LDH-3
(2.299 nm) was smaller than that of MgAl-LDH-3, while
both MgAI-LDH-3 and MgFe-LDH-3 have a similar value
of the ¢ parameter (2.351 nm). Interestingly, the Shannon
crystal radius of Zn** (0.088 nm) was larger than Mg?*
(0.086 nm), but the adjacent distance of the hydroxide
layer (i.e. ¢) of ZnAl-LDH-3 was smaller than that of
MgAl-LDH-3, suggesting that the carbonate anions in the
ZnAl-LDHs interlayer displayed tighter assembly with the
brucite-like layer, which may be difficult for other anions
to exchange. Similarly, the Shannon crystal radius of Fe**
was larger than that of AI’*, but MgAl-LDH-3 and MgFe-
LDH-3 have a similar ¢ value because the replacement of
AI** by Fe3* in LDHs strengthens the bond between the
double-hydroxide layers and carbonates in the interlayer
by increasing the positive surface charge (Yang et al.,
2012).

The selected SEM images of ZnAl-LDH-3 and MgAl-
LDH-3 samples are displayed in Fig. 2. It is clear that
the particles of the ZnAl-LDHs were larger than the
MgAl-LDH particles, which may be attributed to the
strong interaction between the hydroxide layers bound to
Zn** and the subsequent aggregation of LDHs into larger
particles. The images clearly showed a hexagonal shape
for ZnAl-LDH-3 and a staggered appearance of ZnAl-
CLDH-3, which are consistent with the LDHs and CLDHs
reported (Allmann, 1970). Note that the MgFe-LDH and
MgFe-CLDH samples were not characterized by SEM, as
these samples display very strong magnetic properties.

The FT-IR spectra of the LDHs-CO3; and CLDHs sam-
ples were presented in Fig. S1. The carbonate LDHs have
two remarkable peaks at 1364 and 1638 cm™', and a
broad peak ranging from 3400 to 3600 cm~!, which is
ascribed to the anti-symmetric stretching vibration of C—
O, the stretching vibration of C=0, and the stretching
modes of the O—H groups in the hydroxide layer and water
molecules, respectively. The large width of the band at
3400-3600 cm™! indicated that hydrogen bonds existed
within a broad range of strengths (Goh et al., 2012; Yang
et al.,, 2012). The peak at 3475 cm™' was assigned to
the stretching vibration of hydrogen-bonded groups in the
brucite-like sheets and water in the interlayer space. When
the characteristic peak of the hydroxyl groups evolved
from a low wave number (3475 cm™') to a high wave
number (3560 cm™!), the hydroxyl groups changed from a

Al-L( 4 30k,1.00pum)

ZnAl-C(X30k.1.00um)

P

ZnAl-P( X 30k,1.00pum) MgAl-P( X 30k,1.00pum)

Fig.2  Selected SEM images of the LDHs-CO3, CLDHs, and the
reconstructed LDHs-ClO4 with Zn/Al and Mg/Al as metal cations.
“L” stands for LDHs, “C” stands for CLDHs, and “P” stands for the
reconstructed samples after adsorbing C1O; . The molar ratio of M M3+
equals 3.

hydrogen bond state to free hydroxyl groups (Costa et al.,
2010). Reasonably, the height ratios of the two hydroxyl
peaks at high and low wave number (i.e. Ihigh/I1ow) can
be used as an indicator of the existence of free hydroxyl
groups. The calculated Ipign/I1ow Tatios were 0, 0.815 and
0.968 for ZnAl-LDH-3, MgFe-LDH-3 and MgAI-LDH-3,
respectively, which indicate that the MgAI-LDHs particles
contain a higher content of free hydroxyl groups than that
of MgFe-LDHs particles, and there are no free hydroxyl
groups in the ZnAIl-LDH particles. Presumably, the free
hydroxyl groups act as the potential binding sites for the
interlayer anions and may play an important role in the
adsorption characteristics and interaction mechanisms of
LDHs or CLDHs with anions.

2.2 Adsorption properties of perchlorate by CLDHs

The adsorption isotherms of perchlorate onto the MgAl-
CLDHs, MgFe-CLDHs and ZnAl-CLDHs with different
molar ratios of M?>*/M3* are presented in Fig. 3. The
adsorption isotherms fit Langmuir equation well, and the
regression parameters are listed in Table 1. It is obvious
that the adsorption of perchlorate by CLDHs is significant-
ly affected by the metal compositions and the molar ratios
of M**/M3*. For LDHs at 2 molar ratios of M?*/M>*, the
saturated adsorption capacity in the magnitude followed
the order of MgAI-CLDH-2 (65.61 mg/g) = MgFe-CLDH-

2 (65.61 mg/g) > ZnAl-CLDH-2 (8.56 mgte)—white—for
the molar ratios of M?*/M3* at 4, MgAl-CLDH-4 (279.6
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Fig.3 Adsorption isotherms of ClO, onto CLDHs with different metal

cation composition and molar ratios.

mg/g) > MgFe-CLDH-4 (120.8 mg/g) > ZnAl-CLDH-4
(10.81 mg/g). Similar studies indicated that the adsorption
of fluoride (F~) to CLDHs was dependent on the influences
of metal cations in the LDH layers (Duan et al., 2006). The
retention of fluoride by MgAl-CLDH was higher than that
of ZnAl-CLDH, which is partly due to the lower anion
exchange capacity of ZnAl-CLDH. Although F~ in the
previous (Duan et al., 2006) and ClOj in the current study
have different anion structures, the same phenomenon of
MgAl-CLDH > ZnAIl-CLDH is observed.

Based on Fig. 3 and Table 1, for the MgAl-CLDHs
groups, the adsorption capacity of perchlorate increased
with increasing M?*/M3* ratio from 2 to 4. For the MgFe-

CLDHs groups, the saturated adsorption amount increased
with the M>*/M3* ratio from 2 to 3 and then leveled off at
4. For the ZnAIl-CLDHs groups, the adsorption capacity
was almost invariant with the M?*/M3* ratio. Recently,
the effects of a varying Mg/Al molar ratio on the removal
of fluoride by CLDHs were reported (Duan et al., 2006).
However, the retention of fluoride by the CLDH with a
Mg/Al molar ratio of 2 was the best one (reached 80 mg/g)
and larger than that of fluoride by the CLDH with Mg/Al
ratios of 3 and 4, which was explained by the higher charge
density in the layers of CLDH with an Mg/Al ratio of
2. The distinct impacts of the Mg/Al molar ratio on the
adsorption of F~ (reverse) and ClO} (positive) to CLDHs
suggested that additional adsorption mechanisms besides
the memory effect may be involved in ClO; binding. In
the current study, the influencing degree of the ratio of
the metal cations on the perchlorate adsorption to CLDHs
is dependent on the metal cation compositions, which
indicated that the additional mechanism can be regulated
by both metal cation ratios and metal composition.

The Langmuir parameter b values presented in Table 1
correspond to the affinity between the absorbency of
CLDHs and the adsorbency of perchlorate. For MgAl-
CLDHs and MgFe-CLDHs, the b values increased with
the molar ratio of M?*/M3*, while for ZnAl-CLDHjs,
the b values decreased with the M?*/M>* molar ratio.
Thus, an unusual adsorption mechanism may take place
when the ZnAl-CLDHs band perchlorate from aqueous
solution, which are distinct from the MgAIl-CLDHs and
MgFe-CLDHs groups. Furthermore, when the adsorption
isotherms were fitted with the Freundlich equation, an
inflection point was observed in the whole isotherm for
the MgAI-CLDHs and MgFe-CLDHs groups (Fig. 3),
but not for the ZnAl-CLDHs group. The Freundlich re-
gression parameters at low and high concentration ranges
for the MgFe-CLDHs groups are presented in Table S1.
The results indicate that there may be two recognizable
interaction mechanisms contributing to the binding of
perchlorate to MgAl-CLDHs and MgFe-CLDHs in the low
and high concentration ranges, while only one interaction
mechanism in the tested concentrations can be discernible
for the ZnAl-CLDHs.

2.3 Perchlorate uptake by CLDHs with memory effect

CLDHs were demonstrated to recover their original lay-
ered structure in the presence of perchlorate, which is
the so-called “memory effect”. The memory effect was
identified by the XRD patterns (Fig. 1). That is, the feature
diffraction peaks of (003), (006), (012), (015), (018) and
(110), which refer to the lamellae structure of LDHs,
disappeared after calcined to CLDHs, and then recovered
after the ClO 4~ adsorption process. Furthermore, the SEM
images of LDHs, CLDHs and the reconstructed LDHs

associated with perchlorate (Fig. 2), dirpethy—supperted
the memory effect, but the recovering degree was dis-
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Table 1 Langmuir regression parameters of ClO, adsorption isotherms onto CLDHs with different M#*/M>* molar ratios

Metal cation M2*/M3* molar ratio 0" (mg/g) b (L/mg) R?
MgAl-CLDH 2 65.61 +3.39 0.0057 + 0.0006 0.988
3 186.6 + 4.2 0.0105 + 0.0007 0.955
4 279.6 + 7.4 0.0212 + 0.0018 0.990
MgFe-CLDH 2 65.61 +2.26 0.0053 + 0.0004 0.995
3 1208 + 1.4 0.0063 + 0.0003 0.998
4 120.8 + 2.4 0.0149 + 0.0006 0.998
ZnAl-CLDH 2 8.56 £ 0.17 0.0584 + 0.0060 0.975
3 9.82 +0.52 0.0075 + 0.0011 0.970
4 10.81 + 0.32 0.0058 + 0.0004 0.994

 The Langmuir parameters (Q° and b) were calculated using the form of the equation Q = Q°hC./(1+bC,), where Q° (mg/g) is the Langmuir capacity

coeflicient, b (L/mg) is the adsorption rate coefficient, and Ce (mg/L) is equilibrium concentration.

ZnAl-LD

4000 3800 3600 3400 3200 1250 1200 1150 1100 1050 1000
Wave number (cm™)

Fig.4 FT-IR spectra of the solid NaClO4 and the reconstructed LDHs-

ClO4 (M?*/M3* molar ratio of 3). The hydroxyl group characteristic peak

ranged from 4000-3000 cm™!. The characteristic perchlorate peak of the

O-Cl vibration ranged from 1250-1000 cm™!.

tinct for the CLDHs samples with different metal cation
composition. The perchlorate characteristic peaks in the
FT-IR spectra (Fig. 4) and the Raman spectra (Fig. 5)
for the LDHs-ClO4 provided powerful evidence for the
intercalation of ClOj in the interlayer of the reconstructed
LDHs. A previous study of the removal of fluoride by
MgAl-CLDH indicated that the adsorption phenomenon
was accompanied by rehydration with concomitant uptake
of fluoride ions to rebuild the initial layered structure
(Duan et al., 2006).

The different memory effect phenomena were observed
for MgAIl-CLDHs, MgFe-CLDHs and ZnAl-CLDHs.
Firstly, the ZnAl-CLDHs displayed an obvious ZnO
diffraction peak in Fig. 1, and the ZnO diffraction peak
still remained when other lamellar diffraction peaks re-
covered after the adsorption process of perchlorate, which
demonstrates the incomplete recovery of the samples.
Moreover, the SEM images of ZnAl-LDHs-ClO4 showed
many staggers such as the CLDHs, reflecting the incom-
plete recovery to the lamellar feature of LDHs. When
LDHs-CO3 was changed to LDHs-ClOy, the ZnAl-LDHs

954

NaClO, solid

935

NaClO, solution
935

MgAl-LDHs-CIO,

MgFe-LDHs-ClO,

Zn AL DHs-CIO, 933
1000 ' 300 ' 800
A (cm™)

Fig. 5 Raman spectra of the NaClO4 solid, NaClO4 solution, and the
reconstructed LDHs- Cl04 with different metal cations. The molar ratio
of M>*/M3* equals 3.

showed a decrease in the cell parameter ¢ from 2.299 to
2.275 nm, but an increase of parameters ¢ from 2.351 to
2.402 nm for the MgAl group was observed. The increase
of parameter ¢ for the MgAl-LDHs was caused by the
higher ion radius of CIO; (0.292 nm) than CO%‘ (0.266
nm), while the decrease of parameter ¢ for the ZnAl-
LDHs may be caused by the strong interaction between
the interlayer anions and the hydroxide layer.

The XRD spectra of MgFe-CLDHs in Fig. S2 explained
that the memory effect is effective in the adsorption
process, as the recovery of the lamellar diffraction peaks.
However, the diffraction peaks of (012), (015) and (018),
which represent the 3R, structure of the interlayer, had
disappeared, indicating the change of the interlayer space
of LDHs. In the FT-IR spectra (Fig. S1) with the M-
O characteristic vibration peaks approximately 600 cm™,
significant change occurred when the LDHs calcined to the
CLDHs, and the M-O vibration peak in the LDHs-ClO4
spectrum could not be recovered to the similar vibration

peak as the LDHs-CO;5 spectrum due to the formation of
the Fe;O4 phase. These may be the majorf reasons for the
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great enlargement of the cell parameter ¢ value from 2.351
nm for MgFe-LDHs-COs3 to 2.768 nm for MgFe-LDHs-
ClOy4. The change in the ¢ value (0.416 nm) was eight
times higher than the change for MgAl-LDHs of 0.0510
nm (from 2.351 nm for MgAI-LDHs-COj; to 2.402 nm for
MgAIl-LDHs-ClOy).

2.4 Adsorption mechanism of perchlorate to CLDHs
with different metal compositions

The adsorption mechanisms of the anions by LDHs and
CLDHs have been increasingly concerning to optimize
their environmental applications (Cai et al., 2012; Goh
et al., 2010, 2012). Goh et al. (2012) suggested that
monovalent oxyhalides (BrO3, ClO3, 105, and ClO; ) were
adsorbed to LDHs via the anion exchange process (an elec-
trostatic Coulombic interaction) following the formation
of outer sphere complexes, while the polyvalent oxyanions
(HAsO;~, B,O7, CrO;~, MoO; ™, SeO;, and VO;") were
adsorbed on LDHs by forming inner-sphere bidentate sur-
face complexes. The sorption reaction of arsenate with the
LDHs occurred through two mechanisms, i.e. primary an-
ion exchange mechanism and secondary ligand exchange
mechanism (Goh et al., 2010). In this study, the adsorp-
tion of perchlorate by CLDHs was mainly driven by the
structural memory effect with perchlorate as an interlayer
anion to rebuild the LDHs’ structure (Goh et al., 2012), and
hydrogen bonds between hydroxyl groups of hydroxide
layer and oxygen atom of perchlorate were proposed as
an additional mechanism to favor perchlorate adsorption.
Furthermore, the existing states of perchlorate in the nano-
interlayer of the reconstructed LDHs were characterized by
FT-IR and Raman spectra to elucidate the effect of metal
cations on the adsorption mechanism of perchlorate via
the memory effect and hydrogen bonding. Distinct binding
mechanisms of perchlorate by CLDHs with unique M?*
are proposed in Fig. 6. The C1-O vibration in perchlorate
and the O—H vibration in LDHs vibration are very sensitive
to probe the surrounding environments in the interlayer
spacing of LDHs, which consist of different metal cations.
The Raman spectra of solid NaClOy, aqueous NaClOy, and
the reconstructed LDHs with perchlorate as an interlayer
anion are presented in Fig. 5. The Cl-O vibrations of
the LDHs-CIO; (932-935 cm™') are close to the ClO; in
liquid form (935 cm™!) rather than the solid form (954
cm™!), which suggested that the ClOy in the LDHs were
surrounded by hydroxyl groups other than interaction with
positively charged groups by electrostatic attraction.

In Fig. 4, the differences between the four CI-O vi-
brations in the FT-IR spectra reflect the different existing
states of ClO; (Ha and Kim, 2011) in the interlayer of the
reconstructed LDHs. The existence state of perchlorate in
the interlayer spacing of reconstructed MgAl-LDHs-C10;
and MgFe-LDHs-ClOZ were almost the same, demonstrat-
ed by the FT-IR spectra. When perchlorate was intercalated
into the interlayer of MgFe-CLDH and presented as MgFe-

MgAl-LDHs-CIOy,
or MgFe-LDHs-C10,

o
D =
e

PRTE Ny s
wemory effec A

ZnALLDHs-CIO,

Equilibrium concentration
Perchlorate(CI0, )

. 2
Y H,0 ;4

9 —
cloy ‘/"‘ o, .\ LDHs layer

Fig. 6 Schematic of perchlorate adsorption by CLDHs. The memory
effect and hydrogen bonds are regulated by the metal cations’ composi-
tion. For MgAI-CLDHs and MgFe-CLHs, the contribution of the memory
effect and hydrogen bonds can be differentiated by the perchlorate
concentrations, which is not the case for ZnAl-CLDHs.

LDHs-Cl10y, two Cl-O vibrations at 1145 and 1089 cm™!
were weakened and broadened for the restriction in the
limited interlayer spacing, and the two overlap vibrations
of Cl-O at 1112 cm™!' in the perchlorate solid were
divided into two distinct peaks at 1121 and 1109 cm™
mainly due to the electron density redistribution. The
vibrational peak of the hydroxyl at a high wave number
(3560 cm™") illustrated that the free hydroxyl groups are
rich in the MgFe-LDHs-ClOy interlayer, which may serve
as adsorptive sites for the intercalated perchlorate. In
addition, the lower adsorption capacity of perchlorate on
MgFe-CLDHs in contrast to MgAI-CLDHs is attributed
to two reasons. One is the lower hydroxyl peak ratio
(Inign/Tiow) for MgFe-LDHs than MgAI-LDHs, which led
to the reduction of the availability of the hydroxyl groups
for binding anions. The other reason may be ascribed
to a break in the interlayer 3R; symmetry structure in
the MgFe-LDHs-ClO4 which blocks the intercalation of
perchlorate into the interlayer spacing; the enlargement
of interlayer spacing also induces the unstable connec-
tion between the perchlorate and hydroxyl groups. For
the MgFe-CLDHs sample, the adsorption character is
quite similar to the MgAl-CLDHs, and their adsorption
processes were performed in two steps. These suggest
that the two interaction mechanisms originated from the
memory effect with electrostatic attraction, and hydrogen
bonds can be differentiated in MgAl-CLDHs and MgFe-
CLDHs via regulating perchlorate concentrations, which
are schematically described in Fig. 6.

For the ZnAl-CLDH samples, the adsorption mech-
anism was distinct from the MgAIl-CLDH and MgFe-
CLDHs (Fig. 6). For the reconstructed ZnAl-LDHs-ClOy,

the carbonate characteristic vibration peak at 1364 cm |
still remained in the FT-IR spectrum (Fig. S1). From



http://www.jesc.ac.cn

500 Journal of Environmental Sciences 26 (2014) 493-501

Fig. 1, the (006) reflection peak of the ZnAl-LDHs in
the XRD pattern was assigned to the carbonate phase,
which was still presented in the ZnAl-LDHs-CIO,4 as
a distinct and sharp peak. These indicate that both the
carbonate and perchlorate anions were intercalated into
the interlayer of LDHs as complementary anions via the
memory effect. To contrast, only little or no carbonate
could be observed in the reconstructed MgAl-LDHs-ClO4
and MgFe-LDHs-CIO4 samples. In the FT-IR spectrum
of ZnAl-LDHs-ClO, (Fig. 4), the two C1-O vibrations at
1145 and 1089 cm™! disappeared, and the other two CI-O
vibration peaks at 1121 and 1109 cm™! were very weak,
demonstrating that the perchlorate is seriously restricted in
the interlayer spacing of ZnAl-LDHs-ClOy4. Note that only
one peak at a low wave number approximately 3475 cm™!
was observed for the hydroxyl characteristic vibration in
the ZnAl-LDHs-CO5; and ZnAl-LDHs-ClO4, which are
ascribed to the hydroxyl groups in the ZnAl-LDHs, all
involved in hydrogen bonds (Chiang and Wu, 2011).
The strong interaction of carbonate with the hydroxyl
groups in the hydroxide layer of ZnAl-LDHs via hydrogen
bonding make no free hydroxyl groups available for more
anions. Therefore, ZnAl-CLDHs display more preferen-
tial binding with carbonate over perchlorate in aqueous
solution. The value of the Langmuir parameter b for
ZnAl-CLDHs decreased with an increase in the Zn>*/AI**
molar ratio. In other words, the affinity of perchlorate to
ZnAl-CLDHs increased with an increase in the hydroxide
layer charge density, i.e., the higher the charge density of
the CLDHs, the higher the affinity to the anions, which
assumes that electrostatic interaction plays a dominant role
in the perchlorate adsorption process by ZnAl-CLDHs.
Although the anion radius of carbonate (0.266 nm) is
significantly smaller than that of perchlorate (0.292 nm),
the interlayer spacing of ZnAl-LDHs-CO3; (¢ = 2.299
nm) was larger than the reconstructed ZnAl-LDHs-ClOy,.
These usual phenomena suggest that in addition to being
interlayer anions, the intercalated perchlorate still serves
as a hydrogen bond donor to strongly interact with the
hydroxyl groups as hydrogen bond acceptors located in the
hydroxide layer of the ZnAl-LDHs-ClOy4. The strong hy-
drogen bonds between the anions and the hydroxyl groups
make perchlorate extremely restricted in the interlayer,
which was proven by the Cl-O characteristic vibration
in the FT-IR spectra. For ZnAl-CLDH, the adsorption of
perchlorate is mostly performed by the memory effect, but
the adsorption capacity of perchlorate is very weak due
to the competition of carbonate. The memory effect and
hydrogen bonds contribute to perchlorate binding in the
interlayer of ZnAl-CLDHs, but they can be distinguished
by the perchlorate concentrations (Fig. 6) due to the lack
of free hydroxyl groups and limited interlayer space.

3 Conclusions

The structural characteristics, perchlorate adsorption prop-
erties and binding mechanisms of the calcined carbonate
layered double hydroxides (CLDHs) are dependent on
the metal cation compositions (MgAl, MgFe and ZnAl)
and the molar M?*/M3* ratio. The binding mechanisms
of perchlorate by CLDHs are much more dependent on
the unique M?** compared to the type of M**. Adsorption
isotherms fit well with the Langmuir model, and the
adsorption amount followed the order of MgAl-CLDHs >
MgFe-CLDHs > ZnAl-CLDHs. The isotherms of MgAl-
CLDHs and MgFe-CLDHs displayed a two-step shape
at low and high concentration ranges and increased with
an increase in the M?2*/M>* ratio from 2 to 4. For
ZnAl-CLDHs, however, the two-step isotherms were not
observed, and the adsorption was hardly affected by the
M?2*/M?3* ratio. The perchlorate adsorption mechanisms
of MgAIl-CLDHs and MgFe-CLDHs were dominated by
the memory effect and hydrogen bonds, which can be
differentiated via regulating perchlorate concentrations. To
contrast, the perchlorate adsorption by ZnAl-CLDHs was
controlled by the memory effect only, as the hydroxyl
groups on the hydroxide layers preferred to form strong
hydrogen bonds with carbonate rather than perchlorate.
The memory effect and hydrogen bonds that contributed
to the perchlorate adsorption by ZnAl-CLDHs cannot be
distinguished by the perchlorate concentrations due to the
lack of free hydroxyl groups and limited interlayer spacing.
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Metal composition of layered double hydroxides (LDHs) regulating C1O] adsorption to calcined LDHs via the memory effect and hydrogen bonding

Table S1  Freundlich regression parameters of ClO, adsorption isotherms under low concentration and high concentration ranges onto MgFe-CLDH

with different molar ratios of metal cations ?

CLDHs Low concentration range High concentration range

1gK¢ N R? 1gK N R?
CLDH-2 —-0.1077 £ 0.0272 0.7449 + 0.0238 0.983 0.2551 +0.1118 0.5446 + 0.0487 0.932
CLDH-3 0.1046 + 0.0202 0.8103 +0.0185 0.992 0.7883 + 0.0353 0.4442 + 0.0153 0.987
CLDH-4 0.3114 + 0.0251 0.8768 + 0.0286 0.986 1.1173 + 0.0501 0.3546 + 0.0228 0.949

# The Freundlich parameters (K¢ and N) were calculated using the form of the equation 1gQ = 1gKt + N1gCe, where Q is the amount adsorbed per unit
weight of sorbent, mg/kg; C. is the equilibrium concentration of the aqueous phase, mg/L; Ky [(mg/g)/(mg/L)V)] is the Freundlich capacity coefficient,
and N describes the isotherm curvature. R? is regression coefficient.

samples.

Fig. S2 XRD spectra of MgFe-LDHs-CO3, MgFe-CLDHs and the reconstructed MgFe-LDH-CIOy. The molar ratio of Mg?*|
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Fig.S1 FT-IR spectra of the LDHs, CLDHs and the reconstructed LDHs—ClOZ. The symbols A, B and C refer to ZnAl-LDH, MgFe-LDH and

MgAI-LDH. The symbols D, E and F refer to ZnAl-CLDH, MgFe-CLHD and MgAl-CLDH. The symbols G, H and I refer to the reconstructed ZnAl-
LDH-CIO4, MgFe-LDH-C1O4 and MgAI-LDH-ClO4. The symbol J corresponds to solid NaClO4. The metal ratio of M2+ /M3 equals 3 in all of the
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Metal composition of layered double hydroxides (LDHs) regulating C1O] adsorption to calcined LDHs via the memory effect and hydrogen bonding

Table S1  Freundlich regression parameters of ClO, adsorption isotherms under low concentration and high concentration ranges onto MgFe-CLDH

with different molar ratios of metal cations ?

CLDHs Low concentration range High concentration range

1gK¢ N R? 1gK N R?
CLDH-2 —-0.1077 £ 0.0272 0.7449 + 0.0238 0.983 0.2551 +0.1118 0.5446 + 0.0487 0.932
CLDH-3 0.1046 + 0.0202 0.8103 +0.0185 0.992 0.7883 + 0.0353 0.4442 + 0.0153 0.987
CLDH-4 0.3114 + 0.0251 0.8768 + 0.0286 0.986 1.1173 + 0.0501 0.3546 + 0.0228 0.949

# The Freundlich parameters (K¢ and N) were calculated using the form of the equation 1gQ = 1gKt + N1gCe, where Q is the amount adsorbed per unit
weight of sorbent, mg/kg; C. is the equilibrium concentration of the aqueous phase, mg/L; Ky [(mg/g)/(mg/L)V)] is the Freundlich capacity coefficient,
and N describes the isotherm curvature. R? is regression coefficient.

samples.

Fig. S2 XRD spectra of MgFe-LDHs-CO3, MgFe-CLDHs and the reconstructed MgFe-LDH-CIOy. The molar ratio of Mg?*|

]
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Fig.S1 FT-IR spectra of the LDHs, CLDHs and the reconstructed LDHs—ClOZ. The symbols A, B and C refer to ZnAl-LDH, MgFe-LDH and

MgAI-LDH. The symbols D, E and F refer to ZnAl-CLDH, MgFe-CLHD and MgAl-CLDH. The symbols G, H and I refer to the reconstructed ZnAl-
LDH-CIO4, MgFe-LDH-C1O4 and MgAI-LDH-ClO4. The symbol J corresponds to solid NaClO4. The metal ratio of M2+ /M3 equals 3 in all of the
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