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Hydrotalcite-like layered double hydroxides (LDHs) of Mg(II) and Mn(III) were prepared by a co-precipitation/air
oxidation method using MgCl2 and MnCl2 as starting materials. Syntheses were studied at different precipitation tem-
peratures and variable starting Mg/Mn ratios. MgMn-LDH were obtained at a preparation temperature below 333 K.
Samples prepared at a Mg/Mn ratio of 3 showed a crystalline LDH phase having a basal spacing of 7.85 �A. The
LDH prepared at lower Mg/Mn ratios had slightly less crystalline phase, with lower basal spacing. Calcination of
MgMn-LDH at 573 K for 4 h in air resulted in a transformation from a layered to an amorphous phase, accompanied
by a loss of interlayer water and a partial loss of carbonate ions. Chemical analysis and IR studies showed that oxidation
from Mn(III) to Mn(IV) progressed during the calcinations, and that HCO3

� was formed in the calcined solid. Equili-
brium distribution coefficients (Kd) of different kinds of anions were measured for the uncalcined and calcined samples.
The selectivity sequences were Cl� < NO3

� < SO4
2� < HPO4

2� and Cl�, NO3
�, SO4

2� � HPO4
2� for the uncal-

cined and calcined ones, respectively. The latter had specific selectivity for phosphate ions. The calcined sample showed
a maximum phosphate uptake of 1.1 mmol-P/g at a pH around of 8. The pH titration study of the supernatant solution
suggested that the phosphate adsorption progresses mainly through the HCO3

�/HPO4
2� ion exchange reaction.

Hydrotalcite (aluminum magnesium carbonate hydroxide
hydrate) is a common mineral found in nature. It consists of
positively charged layers, which are partially substituted by
Al3þ cations in octahedral brucite Mg(OH)2 layers separated
by carbonate anions and water molecules in the interlayer
space in order to maintain the electrical neutrality of the com-
pound. The first exact formula for hydrotalcite was proposed to
be Mg6Al2(OH)16CO3�4H2O.

1 In recent years, layered double
hydroxides (LDHs) known as anionic clays or hydrotalcite-like
compounds have attracted a great deal of attentions due to their
possible use as adsorbents, separation media, catalysts, etc.1–13

The general formula describing the chemical composition of
LDHs is [M(II)1�xM(III)x(OH)2]

xþ[(Az�)x=z�nH2O], where
M(II) = Mg, Mn, Co, Ni, Cu, Zn, and M(III) = Al, V, Cr,
Mn, Fe, Co, and Ga, and Az� = OH�, Cl�, NO3

�, and CO3
2�.

In general, cations having an ionic radius similar to that of
Mg2þ can be substituted in the Mg sites of the brucite layers,
thus leading to the formation of LDHs. There have been claims
that LDHs can be prepared with x values of 0.1–0.5 in the
above general formula, but that the value may be only for a
narrow range (0:20 < x < 0:33).7

Phosphate ion adsorbents are very important in the medical
area (for the prevention of hyperphosphatamia)14 and in lake
and seawater environmentals.5,15 Most phosphorus pollution
in lakes and seawater is from wastewater generated by indus-

tries, household chemicals, and fertilizers. The red tide caused
by eutrophication in lakes and ocean is an important problem.
When the concentration of phosphate in lakes or ocean is over
0.03 mg/dm3, a red tide occurs. Adsorption using inorganic
ion exchange materials is a promising technique, that is useful
in phosphate removal. In the past, a wide variety of LDHs have
been studied in terms of the removal of phosphate ions, MgAl-
LDHs being the most studied compound. However, most
LDHs do not show a specific selectivity for phosphate ions
alone, other divalent anions such as sulfate and carbonates
are also preferred.3,16 Therefore, they cannot effectively re-
move hazardous phosphate from seawater. We are interested
in MgMn-LDH as a selective adsorbent for phosphate ions
for the following reasons: 1) MgMn-LDHs are stable enough
in an alkaline solution, which is advantageous during the phos-
phate desorption, 2) Mn compounds are cheap compared to Zn
or Cr compounds. The common phosphate adsorbent MgAl-
LDH suffers from the dissolution of Al at high pH during
phosphate desorption. Sample MgFe-LDH does not have a
high selectivity for phosphate ion alone in multi anion solu-
tions.

Desautelsite, a mineral of Mg(II) and Mn(III) carbonate
hydroxide was, first reported by Dunn et al.17 Hansen and
Taylor18 described the preparation of MgMn-LDH by airing
a suspension of MnCO3 in Mg(NO3)2 solution at pH 9 and
308 K. However, if lower synthesis temperatures were used
(298 K), unreacted MnCO3 coexisted with hausmanite
(MnIIIO4). To the best of our knowledge, there have been no
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detailed studies on the preparation of MgMn-LDH with
Mn(III) from a MgCl2–MnCl2 mixed solution, not have there
have been any studies on the oxo-anion adsorptive properties
of MgMn-LDH. In this paper, we found that MgMn-LDH
and its calcined materials displayed interesting adsorption
properties towards phosphate ions.

Experimental

Synthesis. Hydrated metal chlorides of high purity (99%)
were supplied by Wako Chemical Co., Japan. Other reagents were
all of analytical grade. A mixed solution (100 cm3) containing
0.03 M Mg(II) and 0.01 M Mn(II) (1 M = 1 mol dm�3) was slow-
ly added drop-wise to a solution (100 cm3) containing 0.2 M
NaOH and 0.1 M Na2CO3, which was stirred magnetically. The
resultant suspensions were stirred for over 2 h, and the precipitates
were separated by centrifugation and washed repeatedly with de-
ionized water until neutral, then air-dried at room temperature.
Samples MgMn-1, MgMn-2, MgMn-3, MgMn-4, and MgMn-5
were synthesized at 275, 293, 313, 333, and 353 K, respectively,
at a Mg/Mn ratio of 3. Samples MgMn-6 and MgMn-7 were syn-
thesized with Mg/Mn ratios of 2 and 1, respectively, at 293 K.
Calcined samples were prepared by heating MgMn-2, MgMn-6,
and MgMn-7 at 573 K for 4 h in air. They are designated as
MgMn-2-573, MgMn-6-573, and MgMn-7-573, respectively.

Characterization. Powder X-ray diffraction analysis was car-
ried out using a Rigaku X-ray Diffractometer (RINT 1200) equip-
ped with Ni-filtered CuK� radiation (� ¼ 1:5404 �A) and graphite
monochromator. The data were collected at room temperature in
the range of 2� between 5� and 70� with a scan rate of 1� (2�)/
min. Lattice parameters were refined by the least squares method.
The errors were �0:01 �A for both lattice parameters a and c. TG-
DTA experiments were conducted on a MAC Science Thermal
Analyzer (200 TG-DTA) at a heating rate of 283 K/min in air.
Infrared spectra were recorded by the KBr pellet method using
a Perkin Elmer FT-IR Spectrometer (Spectrum 2000). SEM obser-
vations were carried on a Hitachi Natural Scanning Electron
Microscope (S-2460 N).

Chemical Analysis. Manganese and magnesium content was
determined using a Shimadzu Atomic Absorption Spectrometer
(AA-670) after dissolving a powder sample (0.05 g) in a 0.5 M
HCl solution followed by the addition of a few drops of H2O2.
The mean oxidation state of manganese (ZMn) was evaluated after
determining the available oxygen by the standard oxalic acid
method.19 A 3.5 M sulfuric acid solution (10 cm3) and a standard
0.3 M sodium oxalate solution (10 cm3) were poured into a pow-
der sample (0.10 g). After dissolving the sample at 363 K in a wa-
ter bath, the excess sodium oxalate was back titrated with a stand-
ard 0.1 M potassium permanganate solution. The water content

was calculated from the weight loss by heating at 473 K. CO2

and Cl content was determined by gas chromatography with a
Horiba EMIA-U511 analyzer.

Adsorption Experiments. Equilibrium distribution coeffi-
cients (Kd) of the oxo-anion were determined by a batch method.
A powder sample (0.10 g) was immersed in a mixed solution (10
cm3) of NaCl, NaNO3, Na2SO4, and NaH2PO4 (2� 10�3 M
each). After attainment of equilibrium (3 d), the resultant solution
was filtered, and concentrations of Cl�, NO3

�, SO4
2�, and

HPO4
2� remaining in the solution were determined by ion chro-

matography with a Shimadzu type LC-10Ai apparatus. The
amounts of anions adsorbed were calculated from the concentra-
tions relative to the initial concentrations. The Kd values were cal-
culated using the following equation:

Kd ðcm3/gÞ

¼
½Anion adsorbed (mg/g of solid)�

½Final anion concentration (mg/cm3 of solution)�
: ð1Þ

The pH dependence of phosphate adsorption on MgMn-2-573
was also studied by a batch method. A calcined sample (0.10 g)
was immersed in a 4� 10�3 M NaH2PO4 solution (50 cm3),
and the pH of the solution was adjusted using a 0.1 M HCl or a
0.1 M NaOH solution. After attainment of equilibrium (3 d), the
solid was separated by filtration and air-dried at room temperature.
The amount of phosphate adsorbed was determined using a Seiko
ICP Atomic Emission Plasma Spectrometer (SPS 7800) after dis-
solving a known weight of the solid in a 0.5 M HCl solution con-
taining 2% H2O2. The pH titration of the supernatant solution af-
ter phosphate adsorption was carried out for MgMn-2-573 by the
conventional method. After the solid sample (0.10 g) was mixed
with a 0.1 M Na2HPO4 solution (20 cm3) for 2 d, the solid was
separated by filtration, and the supernatant solution was titrated
with a 0.1 M HCl solution.

Results and Discussion

Chemical Analysis. Chemical analysis results are given in
Table 1. The Mg/Mn mole ratios are about 3 for samples from
MgMn-1 to MgMn-5, 1.97 for MgMn-6, and 0.97 for MgMn-
7. These values are acceptably close to those in the starting so-
lutions. The mean oxidation numbers (ZMn) of manganese
were in the range between 3.02 and 3.16, indicating that oxi-
dation from Mn(II) to Mn(III) progressed completely during
the preparation. The chemical composition was calculated
for MgMn-2, MgMn-6, and MgMn-7 prepared at 293 K using
the Mg, Mn, CO2, Cl, and H2O contents, as is shown in
Table 1. The Cl contents are markedly smaller than the CO2

contents, indicating that the interlayer anions are mainly carbo-

Table 1. Chemical Analysis of MgMn-LDHs and Their Compositions

Preparation conditions Mole ratio of solid AEC
Sample

Temp./K Mg/Mn Mg/Mn H2O/Mn CO2/Mn Cl/Mn ZMn
Chemical composition

mequiv./g

MgMn-1 275 3.00 3.09 3.2 — — 3.04 — —
MgMn-2 293 3.00 3.03 3.2 0.60 0.005 3.02 [Mg0:75Mn0:25(OH)2][(CO3)0:15Cl0:02�0.80H2O] 3.4
MgMn-3 313 3.00 3.10 3.2 — — 3.03 — —
MgMn-4 333 3.00 3.03 2.6 — — 3.08 — —
MgMn-5 353 3.00 3.06 — — — 3.16 — —
MgMn-6 293 2.00 1.97 2.6 0.48 0.012 3.02 [Mg0:67Mn0:33(OH)2][(CO3)0:16Cl0:04�0.85H2O] 3.5
MgMn-7 293 1.00 0.97 1.6 0.35 0.008 3.04 [Mg0:49Mn0:51(OH)2][(CO3)0:18Cl0:04�0.81H2O] 3.7

ZMn: Mean oxidation state of manganese. AEC: Anion exchange capacity calculated from a sum of carbonate and chloride contents.
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nate ions. Anion exchange capacities (AEC) were calculated
from the CO2 and Cl contents assuming a pure LDH structure
and interlayer anions of CO3

2� and Cl�.
X-ray Diffraction Analysis. All samples except for

MgMn-5 had XRD patterns typical of a LDH structure, with
sharp and symmetric reflections corresponding to basal planes
(003), (006), and (009), and broad and asymmetric reflections
for non-basal planes (012), (015), and (018) (Fig. 1). The Mill-
er indexing in Fig. 1 is referred to as a hexagonal lattice with a
rhombohedral lattice with R3m symmetry. The crystallinity of
LDH depends on the preparation temperature. The peak inten-
sity of each reflection was almost the same for samples
(MgMn-1, MgMn-2, and MgMn-3) prepared below 313 K,
while it weakened for MgMn-4 prepared at 333 K. The brucite
Mg(OH)2 phase was predominant for MgMn-5 prepared at 353
K. This preparation-temperature dependence is different from
those observed in conventional LDHs. Usually, the crystallin-
ity of LDH increases with an increase in the synthesis temper-
ature.20 In the present case, the oxidation of Mn(II) to Mn(III)
is needed in addition to the simple hydrolysis of Mg(II) and
Mn(II) ions. Since the oxidation progresses using dissolved
oxygen, the oxidation rate depends strongly on the oxygen
concentration of the reaction solution. It may be high enough
at low temperatures to oxidize Mn(II) effectively, while it

may be insufficient at temperatures above 333 K due to a
decrease in oxygen concentration. At this point, a competitive
reaction with Mg(OH)2 crystallization may progress during
aging. The XRD pattern of MgMn-7 shows small peaks at
19.2�, 32.6�, and 36.0� (2�), which were assigned to the
MnO(OH) phase (JCPDS No. 18-0804).

The structural parameters of MgMn-2, MgMn-6, and
MgMn-7 are given in Table 2. The lattice parameters of
MgMn-1 and MgMn-3 were almost the same as those of
MgMn-2. The parameter a is the average distance between
two cations in the brucite layer, and c is 3 times the distance
from a layer to the next layer. There was no appreciable differ-
ence in the a value with the isomorphous substitution of Mg(II)
by Mn(III) in the brucite layer because of the equal ionic radii
of these two cations. The c value increased slightly with the
isomorphous substitution of Mg(II) by Mn(III) (with increas-
ing Mg/Mn ratio). Since the c value depends on the interlayer
distance, it was influenced by the charge density of the layer,
the nature of the interlayer anion, and the amount of interlayer
water. The charge density, calculated from the chemical com-
position data, increased with an increase in the Mn content
(Table 2). Therefore, the decrease in the c value with the iso-
morphous substitution (with a decrease in the Mg/Mn ratio)
can be explained by the increase in Coulombic attractive force
between the positively charged brucite layers and the negative
carbonate anions.

Characterization of Calcined Samples. XRD patterns of
MgMn-2 calcined at different temperatures for 4 h in air are
shown in Fig. 2. Calcination at 473 K resulted in a slight shift
of the (003) reflection peak to a lower d value, from 7.8 to 6.3
�A. In addition, the (006) reflection disappeared and the inten-
sity of the (009) reflection decreased considerably. The broad-
ness of the (003) reflection and the disappearance of the (006)
reflection suggests a disordering of the stacked layers of LDH.
Calcination at 573 or 673 K resulted in the collapse of the lay-
ered structure to form a nearly amorphous phase, similar to the
case of other LDH samples.2 The peaks corresponding to the
oxide phase (Mg2Mn4, MgO, or Mn2O3) are observed clearly
for the sample calcined at 873 K. The diffraction peaks be-
come sharpen and stronger by further calcination at 1073 K.
The splitting of the peak around 60� to 57� and 63� suggests
that MgMn-2-1073 consists mainly of a mixture of Mg2MnO4

(JCPDS No. 19-0773) and MgO (JCPDS No. 4-0829).
Chemical analysis of MgMn-2-573 gave the mole ratios of

Mg/Mn = 3.02, CO2/Mn = 0.48, and H2O/Mn = 0.57.
Nearly 25% of the CO2 and most of the H2O molecules dissi-
pated from the solid by the heating at 573 K. The ZMn valueFig. 1. Powder X-ray diffraction patterns of MgMn-LDHs.

Table 2. Structural Parameters of MgMn-LDHs Prepared at 293 K

Parameter MgMn-2 MgMn-6 MgMn-7

Mn(III) substitution in brucite layera) 0.25 0.33 0.51
Basal spacing/ �A 7.85 7.78 7.69
Unit cell, a/ �A 3.11 3.11 3.10

c/ �A 23.8 23.7 23.6
Layer unit area/ �A2 b) 8.37 8.37 8.32
Layer charge density/eþ �A2 0.030 0.039 0.061

a) Determined by chemical analyses of Mg and Mn contents. b) Area of
Mg1�xMnx(OH)2 octahedral unit = ½3ða2=2Þ�1=2.

S. Tezuka et al. Bull. Chem. Soc. Jpn., 77, No. 11 (2004) 2103



was determined to be 4.0. This shows that the oxidation of
Mn(III) to Mn(IV) progresses during the heat treatment. The
surface properties of MgMn-2-573 were studied by nitrogen
absorption–desorption at 77 K. The isotherm belonged to type
IV in the IUPAC classification with a small hysteresis loop,
indicating the presence of mesopores. The BET surface area
was 68 m2/g.

It is noticeable that sample MgMn-2-573 did not return to a
layered structure after immersion in water, in contrast to the
case of MgAl and MgFe-LDH samples. They transform to
an amorphous structure by calcinations at 673 K, but return
to the layered structure after subsequent immersion in water
or an aqueous solution.20 In the present case, the oxidation
of skeletal Mn(III) to Mn(IV) may be caused by a destruction
of the local layered structure.

Thermal Analysis. The TG-DTA curves for MgMn-2,
MgMn-6, and MgMn-7 and the non-LDH sample MgMn-5
are shown in Fig. 3. The thermal behaviors of other samples
(MgMn-1, MgMn-3, and MgMn-4) were almost the same as
that of MgMn-2. The DTA curves of MgMn-2 showed two en-
dothermic peaks around 426 and 583 K, associated with two
stages of weight loss. According to the DTA-TG results of
LDHs in the literature,20 the first endothermic peak around
426 K can be assigned to the dissipation of interlayer water
molecules and the second one at 583 K to the dissipation of
the hydroxide groups of the metal hydroxide layer and inter-
layer carbonate anions.

Samples MgMn-6 and MgMn-7 also showed two endother-
mic peaks around 400 and 600 K. These two DTA peaks were
shifted to slightly lower temperatures with a decrease in the
Mg/Mn ratio. The XRD pattern of MgMn-7-573 had a
spinel-type structure with the strongest peak around 19�. Since
they have larger Mn content than MgMn-2-573, the thermal
oxidation of skeletal Mn may result in the acceleration of
the structural transformation.

FT-IR Analysis. MgMn-LDHs showed the IR spectra

typical of LDH compounds, except for MgMn-5 (Fig. 4).
The main bands were in the same positions independent of
the Mg/Mn mole ratio. In addition to the common broad band
around 3400 cm�1, a shoulder was observed at around 3600
cm�1 for sample MgMn-2. These two bands can be assigned

Fig. 3. TG-DTA curves of MgMn-LDHs with different
Mg/Mn ratios.

Fig. 4. IR spectra of MgMn-LDHs with different Mg/Mn ratios.

Fig. 2. Powder X-ray diffraction patterns of MgMn-2 cal-
cined at different temperatures.
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to OH stretching vibrations of the hydroxy groups in the layers
and interlayer water molecules. The bending mode of the inter-
layer water molecules is responsible for a small intense band
recorded at 1630 cm�1. Sharp and strong bands at ca. 1357
cm�1 in the spectra of MgMn-2 and MgMn-6 were due to
the �3 mode of CO3

2� anions in a symmetric environment in
the interlayer space.21 This band split into a doublet for sample
MgMn-7 with a maxima at 1353 cm�1 and 1373 cm�1, which
can be attributed to a lowering of the symmetry of carbonate
anion.20 The bands (671 and 595 cm�1) recorded below 800
cm�1 were due to the lattice vibrations of the M–O crystal
(M = Mg, Mn). The non-LDH sample MgMn-5 had a small,
sharp peak at 3680 cm�1, which can be assigned to the stretch-
ing vibration of the hydroxy group in the brucite Mg(OH)2
structure.

The IR spectrum of MgMn-2-573 has bands at 1450 and
1520 cm�1. The band at 1450 cm�1 can be assigned to the vi-
bration of bicarbonate (HCO3

�) ions.22 This suggests that the
major chemical species of carbonate in MgMn-2-573 is
HCO3

�. On the basis of the chemical analysis and IR results,
the composition of MgMn-2-573 can be written as
Mg0:75Mn0:25O1:21(HCO3)0:12(H2O)0:10. Since HCO3

� ion is
thermally less stable than CO3

2�, the transformation from

CO3
2� to HCO3

� may hardly occur at 573 K during calcina-
tion. The HCO3

� ions may be formed after cooling by the re-
action of H2O molecules with the residual CO2 on the metal
oxide surface. It is well known that the adsorption of H2O
on the surface of metal oxides results in the formation of sur-
face hydroxy groups with an amphoteric nature.23,24 The basic
hydroxy group can react with residual CO2 to form HCO3

�

ions.
Scanning Electron Microscopy. The SEM images of

MgMn-2, MgMn-6, and MnMn-7 and the calcined sample
MgMn-2-573 are presented in Fig. 5. All of the samples
showed the morphology of plate-like particles stacked on the
top of each other in parallel arrangement. Sample MgMn-2-
573 still preserved the initial morphology even after calcina-
tions, although the crystal structure changed from layered to
amorphous.

Equilibrium Distribution Coefficients (Kd). The Kd val-
ues of oxo-anions from a mixed anion solution containing Cl�,
NO3

�, SO4
2�, and HPO4

2� are presented in Table 3. The se-
lectivity sequence was Cl� < NO3

� < SO4
2� < HPO4

2� for
the uncalcined samples. Normally, selectivity in ion exchange
increases with an increase in the valence of the adsorbing
anion due to the increase in electrostatic interactions between

Fig. 5. SEM images of MgMn-LDHs. (a) MgMn-2, (b) MgMn-2-573, (c) MgMn-6, (d) MgMn-7.

Table 3. Distribution Coefficients of Anions

Distribution coefficient (Kd)
Sample

CO3
2� Cl� NO3

� SO4
2� HPO4

2� pH

MgMn-2 <1 2 6 37 140 9.8
MgMn-6 <1 <1 5 25 500 9.9
MgMn-7 <1 <1 6 18 4500 9.9
MgMn-2-573 <1 <1 6 9 >104 10.8
MgMn-6-573 <1 <1 <1 <1 >104 10.8
MgMn-7-573 <1 <1 4 <1 190 10.5

S. Tezuka et al. Bull. Chem. Soc. Jpn., 77, No. 11 (2004) 2105



ion-exchange sites and anions.25 The present uncalcined sam-
ples also follow this tendency in that they prefer divalent
anions to monovalent ones.

A preliminary Kd measurement on samples calcined at dif-
ferent temperatures showed Kd(HPO4

2�) values of 500, above
104, and 2100 cm3/g for MgMn-2-473, MgMn-2-573, and
MgMn-2-673, respectively. Since MgMn-2-573 showed the
highest Kd value, the phosphate adsorptive properties were
studied using samples prepared at 573 K. Samples MgMn-2-
573 and MgMn-6-573 have remarkably high Kd values for
HPO4

2� alone (Kd > 104 cm3/g, adsorption rate > 99%).
These calcined samples have lower Kd(SO4

2�) values than
the uncalcined samples. This indicates that the phosphate
ion-sieve nature is strengthened by the calcination at 573 K.
The XRD analysis of MgMn-2-573 after the Kd measurement
showed that the amorphous structure was maintained after the
Kd measurement. Any peaks corresponding to metal phosphate
salts were not observed. Due to the low solubility of MgMn-
LDH in alkaline solutions, the removal of phosphate ions by
the dissolution–recrystallization reaction may rarely progress
in the present case.

There are numerous references in the literature verifying the
anion selectivity of different LDHs. Parker et al.16 have report-
ed anion selectivity in the order SO4

2� > F� > HPO4
2� >

Cl� > B(OH)4
� > NO3

� for MgAl-LDH. You et al.26 also
reported a high selectivity of HPO4

2� for MgAl-LDH. In our
previous study on oxo-anion exchange with different kinds
of LDHs, we observed that MgAl-LDH can expand easily in
aqueous solution.27 Therefore, it can easily intercalate anions
with large hydrated radii like SO4

2�. Compared to MgAl-
LDH, the present sample shows a relatively low selectivity
for SO4

2�. Since its anion exchange reaction progresses topo-
tactically, maintaining the bulk and surface structure, SO4

2�

may be sterically excluded from the ion exchange sites due
to its large hydrated radius. The strong phosphate ion-sieve ca-
pacity of calcined MgMn-LDH is advantageous for the remov-
al of phosphate from waste water or seawater, since these solu-
tions usually contain large amounts of SO4

2� ions.
The pH-Dependence. The pH dependence of the phos-

phate uptake by MgMn-2-573 is shown in Fig. 6. The phos-
phate uptake increased with pH in the region below 8, and
was maximum (1.1 mmol-P/g) at a pH around 8. The maxi-
mum phosphate uptake was nearly equal to half of the ex-
change capacity (2.1 mmol/g) derived from the chemical com-
position data. The phosphate uptake decreased with pH in the
region pH > 9. MgAl-LDH and MgFe-LDH have shown sim-
ilar pH-dependence profiles with maximum uptakes (1.9 and
1.4 mmol-P/g) around pH 7.28,29 The present sample has a
smaller phosphate uptake but stronger phosphate ion-sieve
properties than these two.

Mechanism of Phosphate Adsorption. Phosphate ions
exist in different ionic states including monovalent H2PO4

�,
divalent HPO4

2�, and trivalent PO4
3� ions depending on the

pH of the solution,30

H3PO4 �
K1

H2PO4
� þ Hþ

�
K2

HPO4
2� þ 2Hþ

�
K3

PO4
3� þ 3Hþ ð2Þ

where pK1 ¼ 2:15, pK2 ¼ 7:2, and pK3 ¼ 12:37. The primary

ion is divalent HPO4
2� at a pH around 8, thus we can expect a

2:1 HCO3
�/HPO4

2� exchange reaction since the main species
of carbon is HCO3

� in MgMn-2-573. To clarify the exchange
reaction, the pH titration was carried out using a supernatant
solution after phosphate adsorption (Fig. 7). The phosphate up-
take by MgMn-2-573 was determined separately by analysis of
the phosphate content of a solid sample as 0.92 mmol-P/g. The
titration curve of the supernatant solution shows that the OH�/
HPO4

2� exchange reaction rarely occurs during the HPO4
2�

adsorption, because the titration in the region pH > 8 (which
corresponds to the titration of PO4

3� produced by the reaction
of OH� with HPO4

2�) is very small compared to those in the
region at pH < 8. The inflection pH is around 4, which is near-
ly equal to that of blank titration. Since the dissociation con-
stant (pK1 ¼ 6:4) of H2CO3 is close to that of H2PO4

�, nearly
the same inflection pH between the two can be explained by
the release of HCO3

� from MgMn-2-573. The volume of
HCl needed to reach the inflection point increases by 8 cm3

from the blank titration, which corresponds to 0.8 mmol HCl

Fig. 6. Uptake of phosphate ions by MgMn-2-573 at differ-
ent pH. Sample = 0.10 g, Concentration of NaH2PO4 =
4� 10�3 M, Total vol. = 50 cm3, Time = 3 d, Temp. =
Room temp.

Fig. 7. pH titration curve of MgMn-2-573 with Na2HPO4.
: supernatant solution after the adsorption. Sample =

0.10 g, Conc. of Na2HPO4 = 0.1 M, Vol. of Na2HPO4 =
20 cm3, Conc. of HCl = 0.1 M. Dotted line corresponds to
blank titration.
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per gram of MgMn-2-573. This corresponds to more than 85%
of the phosphate uptake. Therefore, we can conclude that
HPO4

2� adsorption for MgMn-2-573 progresses mainly by a
2:1 ion exchange of HCO3

�/HPO4
2�.

Conclusion

A systematic study of the preparative conditions of MgMn-
LDHs was carried out. Pure and crystalline LDHs with a Mg/
Mn ratio between 2 and 3 were obtained after oxidation of
Mn(II) to Mn(III) species during the simultaneous precipita-
tion of Mg(II) and Mn(II) in a mixed aqueous solution of
NaOH and Na2CO3 in the temperature range between 275
and 313 K. The calcined MgMn-LDHs showed a specific se-
lectivity towards phosphate ions alone, and are applicable as
a new type of environmental adsorbent for aqueous phosphate
ions in contaminated ecosystems.
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