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Layered-type hydrous manganese oxides MnO2 ' 0.70H2O and
MnO2 ' 0.22H2O with almost the same rod shape morphology as
that of the precursor monoclinic-type LiMnO2 were synthesized.
The structural transformations from monoclinic-type LiMnO2

to a birnessite-type MnO2 ' 0.70H2O took place after lithium in
LiMnO2 was extracted with 0.1 mol dm23 (NH4)2S2O8 solution
without dissolution of manganese. The extraction of lithium from
LiMnO2 with 0.5 mol dm23 HCl solution followed by the dissolu-
tion of manganese formed a trigonal-type MnO2 ' 0.22H2O. The
maximum ion exchange capacity of MnO2 ' 0.22H2O toward
alkali metal ions was found to be only 3 mmol/g; the material did
not show any ion sieve properties. The pH titration study sugges-
ted that the MnO2 ' 0.22H2O was a weak acidic adsorbent which
was found to be a metastable phase. ( 2001 Academic Press

Key Words: lithium manganese oxide; ion exchange; morpho-
logy; metastable phase.

INTRODUCTION

Lithium manganese oxides with spinel and layered
structures have been investigated as adsorbents (1}6) or as
electrode materials in rechargeable lithium batteries (7}10).
Materials such as j-MnO

2
, H

1.33
Mn

1.67
O

4
, and MnO

2
)

0.5H
2
O derived from the precursors LiMn

2
O

4
, Li

1.33
Mn

1.67
O

4
, and Li

1.6
Mn

1.6
O

4
, respectively, are known as

lithium selective adsorbents. The structural characteristics
of LiMn

2
O

4
and Li

1.33
Mn

1.67
O

4
and their lithium extrac-

tion/insertion reactions have been extensively studied by
Ammundsen et al. (11}15). Layered structures are of interest
as cathodes in lithium rechargeable batteries. However,
lithium manganese oxides with layered structure are not
thermodynamically stable. Among the layered materials,
lithium cobalt oxide and lithium nickel oxide are most
stable to lithium intercalation/deintercalation reactions and
these materials are extensively used in lithium batteries
(16, 17). We are presently interested in the synthesis of
1To whom correspondence should be addressed. Fax: #81-87-869-
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new materials based on manganese compounds for use as
adsorbents.

Orthorhombic-type LiMnO
2
, having an ordered rock

salt structure of space group Pmnm, transformed irrevers-
ibly to spinel-type material upon electrochemical cycling
(10). Similar structural transformation has been reported
after orthorhombic-type LiMnO

2
was treated with aqueous

ammonium peroxodisulphate solution (18).
Armstrong and Bruce "rst reported the preparation of

pure crystalline monoclinic-type LiMnO
2

by an ion
exchange reaction from a-NaMnO

2
(19). Recently a mon-

oclinic-type LiMnO
2

with trace impurities of orthorhom-
bic-type LiMnO

2
and Li

2
MnO

3
was synthesized directly

from Mn
2
O

3
by hydrothermal reaction at 2203C using

mixed solutions of LiOH and KOH or LiCl and KOH (20).
Monoclinic-type LiMnO

2
is not thermodynamically stable,

because lithium extraction from and reinsertion into
LiMnO

2
is not a reversible intercalation reaction (19}21).

Monoclinic-type LiMnO
2

transforms into spinel-related
form during electrochemical cycling. The preparation of
metal-doped layered LiMnO

2
(monoclinic) has received

considerable attention due to its possible use as a cathode
material, because the metal-doped LiMnO

2
does not easily

convert to the spinel type upon electrochemical cycling
(22, 23). Chromium and aluminum (as little as 5%) are
the best dopants in suppressing the transformation of
monoclinic-type LiMnO

2
to spinel. Substitution of a small

fraction (as little as 5%) of Mn with Al or Cr is within the
Mn sites in the layered structure.

Recently the structural characterizations of mono-
clinic-type LiMnO

2
were investigated to examine the e!ect

of chemical and electrochemical delithiation/relithiation
reactions on electronic con"guration and crystal struc-
ture (24).

Detailed studies on lithium extraction from monoclinic-
type LiMnO

2
using HCl solution or (NH

4
)
2
S
2
O

8
solution

have not been done. The present study is focused on the
preparation of layered-type manganese oxides from mono-
clinic-type LiMnO

2
and their alkali metal ion adsorption

properties.
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TABLE 1
Composition of Di4erent Materials

Material Na/Mn Li/Mn H
2
O/Mn Z

M/
Formula

a-NaMnO
2

0.99 * * 3.08 NaMnO
2.04

(monoclinic)
LiMnO

2
0.04 0.96 * 3.05 Li

0.97
Na

0.04
MnO

2.03
(monoclinic)

(NH
4
)
2
S
2
O

8
- 0.016 0.02 0.70 3.88 MnO

1.94
) 0.70H

2
O

treated material
of LiMnO

2
(birnessite)

HCl-treated 0.03 0.02 0.22 3.96 MnO
1.98

) 0.22H
2
O

material of
LiMnO

2
(trigonal)
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EXPERIMENTAL SECTION

Preparation of LiMnO2

The a-NaMnO
2

was obtained by heating a mixture of
a-Mn

2
O

3
and Na

2
CO

3
(Na/Mn"1) in a closed crucible at

8003C for 24 h in air, quenching to room temperature and
grinding, after which the process was repeated once more.
The a-NaMnO

2
was stored in a desiccator because the

material was very hygroscopic in nature. In the hydrother-
mal method, 2 g of a-NaMnO

2
was mixed with 10 g of LiBr

in 40 cm3 n-hexanol and autoclaved at 1553C for 6 h in
a 50 cm3 Te#on-lined stainless steel vessel; the obtained
product LiMnO

2
was washed with n-hexanol and then

methanol and then air-dried.

Physical Analysis

X-ray di!raction analysis was carried out using a Rigaku
type RINT 1200 X-ray di!ractometer with a graphite
monochromator. DTA-TG curves of the materials were
obtained on a MAC Science thermal analyzer (System 001
200 TG-DTA) at a heating rate of 103C/min. Water contents
of the samples were calculated from the weight loss after
heating at 4003C. Infrared spectra were obtained by the KBr
pellet method using a Perkin Elmer System 2000 infrared
spectrophotometer. SEM observations of various samples
were carried out on a Hitachi type S-2460 N scanning
electron microscope.

Chemical Analysis

The di!erent materials (50 mg) were dissolved in 0.5 mol
dm~3 of hydrochloric acid solution containing hydrogen
peroxide and the lithium, sodium, and manganese contents
were determined with Shimadzu AA-760 atomic absorption
spectrometer. The mean oxidation number of manganese
(Z

M/
) was evaluated after determining the available oxygen

by standard oxalic acid method (25).

pH Titration

A 0.10-g sample of acid-treated material (MnO
2
)

0.22H
2
O) was immersed in 10 cm3 of mixed solution

(0.1 mol dm~3 MCl#MOH, M"alkali metal ions) at
various ratios with intermittent shaking at room temper-
ature for 2 weeks. After the attainment of equilibrium, the
alkali metal contents in the supernatant solution were deter-
mined by atomic absorption spectrometry and the pH of the
solution was determined with a Horiba type pH meter,
Model M-13.

Extraction of Lithium from LiMnO2

The extraction of lithium from LiMnO
2

was determined
by stirring 1 g of material with 1 dm3 of 0.5 mol dm~3 HCl
solution for 1 day or 0.1 mol dm~3 (NH
4
)
2
S
2
O

8
solution for

2 days. In batch experiment, 0.10 g of LiMnO
2

was treated
with 100 cm3 of 0.5 mol dm~3 HCl solution or
0.1 mol dm~3 (NH

4
)
2
S
2
O

8
solution. Lithium reinsertion

into lithium-extracted materials were determined by a batch
method using a mixed solution of 0.1 mol dm~3 LiOH
and LiI.

RESULTS AND DISCUSSION

Characterization of a-NaMnO
2

and ¸iMnO
2

The structure of a-NaMnO
2

is based on the cubic close-
packed network of oxygen in which both the sodium and
manganese are located in octahedral sites yielding sand-
wiches of MnO

2
in the cubic 111 direction, separated by

a sodium layer. The crystal structure is a monoclinic distor-
tion (space group C2/m) (17, 19). The a-NaMnO

2
could be

prepared by heating a mixture of manganese oxide (Mn
2
O

3
)

and sodium carbonate at a temperature of 700}8003C in
#owing argon, nitrogen, or air (19, 21). We prepared a-
NaMnO

2
in air and the material was stored in a desiccator.

The material was not stable in air, because the brown color
was easily transformed to black due to the formation of
a more stable phase (Na

0.7
MnO

2.05
). The chemical formula

of NaMnO
2

was con"rmed from chemical analysis of so-
dium and manganese and the mean oxidation number of
manganese (Z

M/
) (Table 1). The XRD pattern of the present

material showed that the crystal system was identical to that
of a-NaMnO

2
(JCPDS No. 25-0845) (Fig. 1). However, the

intensity (I
001

) was higher than the intensities (I
202

and
I
111

) in the present material, whereas the intensities (I
202

and I
111

) were higher than I
001

in JCPDS No. 25-0845. The
XRD pattern of the present material showed traces of
Na

0.7
MnO

2.05
phase; such trace impurities have been

reported by other groups also (21). The lattice parameters
of the present material were the same as reported in the
literature (21) (Table 2).



FIG. 1. XRD patterns of di!erent materials.

TABLE 2
Lattice Parameters of Di4erent Materials

Materials Present work Literature cited

a-NaMnO
2

a"5.67 A_ a"5.66 As
b"2.86 A_ b"2.86 As
c"5.81 A_ c"5.80 As
b"113.103 b"113.133
(Monoclinic) (Monoclinic) (Ref. 21)

LiMnO
2

a"5.44 A_ a"5.44 As
b"2.81 A_ b"2.81 As
c"5.41 A_ c"5.39 As
b"116.223 b"116.013
(Monoclinic) (Monoclinic) (Ref. 19)

MnO
2
) 0.70H

2
O a"8.45 A_ a"8.52 As

b"14.89 A_ b"14.76 As
c"17.67 A_ c"17.54 As
(Birnessite) (Birnessite) (JCPDS

No. 23-1239)

MnO
2
) 0.22H

2
O a"2.85 A_ a"2.8 A_

c"13.59 A_ c"13.4 A_
(Trigonal) (Trigonal) (Ref. 27)
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The monoclinic-type LiMnO
2

was prepared by re#uxing
a-NaMnO

2
in a mixture of LiBr and n-hexanol (19, 21). In

the present study, we adopted a hydrothermal method; the
exchange of sodium with lithium in a-NaMnO

2
was com-

pleted within 3 h. A complete exchange of sodium ions with
lithium ions could not be achieved; only 95% of sodium
ions could be exchanged. Such an incomplete exchange
reaction was also reported by other groups (19, 21). The
formula of LiMnO

2
was con"rmed from the chemical ana-

lysis of lithium and manganese and Z
M/

value (Table 1).
The XRD pattern of LiMnO

2
is shown in Fig. 1. All the

peaks could be indexed to a monoclinic structure with space
group C2/m. The intensity (I

001
) was higher than other peak

intensities in the present material. The lattice parameter
FIG. 2. Schematic representation of structural transformation of monoc
phase transformations from monoclinic to birnessite and trigonal phases (ri
c was slightly greater than that reported in the literature
value (19), while other lattice parameters a and b were nearly
the same (Table 2). The structure of LiMnO

2
is an ordered

rock salt structure with edge-sharing MnO
2

octahedra lin-
ked to form MnO

2
layers. The MnO

2
sheets are separated

by sheets of octahedrally coordinated lithium ions. The
sheets of positively charged lithium ions e!ectively screen
and stabilize negatively charged MnO

2
layers (Fig. 2, right).
linic LiMnO
2

to trigonal MnO
2
) 0.22H

2
O in hexagonal settings (left) and

ght).



FIG. 3. SEM images of LiMnO
2

(top), MnO
2
) 0.70H

2
O (middle), and

MnO
2
) 0.22H

2
O (bottom).

FIG. 4. DTA-TG curves of LiMnO
2

(bottom), MnO
2
)0.7H

2
O

(middle) and MnO
2
) 0.22H

2
O (top).
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The structure of LiMnO
2

is very close to the structure of
a-NaMnO

2
.

The SEM image of LiMnO
2

showed rod-shaped crystals
of about 10 lm in length and 1 lm in breadth (Fig. 3, top).
This is likely to be an e!ect of preferred orientation. The rod
shape crystallites might be due to e!ect of preferred orienta-
tion. Such large crystals have not been reported in the
literature.

IR spectra of LiMnO
2

showed only absorption bands at
488 and 648 cm~1 which could be assigned to the Mn}O
stretching vibrations. The DTA-TG curve of LiMnO

2
showed a broad exothermic peak around 4503C with weight
gain (Fig. 4, bottom). The weight gain reached its maximum
at 6003C and then decreased slightly with a rise in temper-
ature above 6003C. The total weight gain was about 4.6%.
We could assume the decomposition of LiMnO

2
above

4503C into a mixture of LiMn
2
O

4
and Li

2
MnO

3
because

some peaks of Li
2
MnO

3
were detected in the XRD pattern

and only 70% of lithium was extracted from the heated
material with 0.5 mol dm~3 HCl solution.
Characterization of MnO2 ) 0.70 H2O and MnO2 ) 0.22H2O

The extraction of Li` from LiMnO
2

was investigated
with 0.1 mol dm~3 (NH

4
)
2
S
2
O

8
solution. The complete ex-

traction of lithium (99%) from LiMnO
2

was achieved in
2 days with negligible dissolution of manganese (Fig. 5,
bottom). This showed that the extraction proceeded by the
redox-type reaction, which can be described similar to that
for the orthorhombic-type LiMnO

2
(18). The redox-type

reaction can be written as follows:

2LiMn(III)O
2
#xS

2
O2~

8
P2Li

1~x
Mn(III)

1~x
Mn(IV)

x
O

2

#2xLi`#2xSO2~
4

.

In the present study, the structural transformation of
monoclinic-type LiMnO

2
to birnessite-type material was



FIG. 5. Extraction of lithium from LiMnO
2

with 0.1 mol dm~3

(NH
4
)
2
S
2
O

8
solution (bottom) and with 0.5 mol dm~3 HCl solution (top).

LiMnO
2
, 0.10 g; vol, 100 cm3; temp, room temp.
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observed. A schematic representation of the phase trans-
formation is shown in Fig. 2 (right). The structure of
LiMnO

2
having #at edge-shared MnO

6
octahedral layers is

similar to the birnessite phase with water molecules between
the MnO

6
octahedral layers. Since LiMnO

2
precursor has

a layered structure, it is reasonable to think that layered
manganese forms after lithium is extracted by the redox
mechanism. The interlayer distance was increased from
4.8 A_ in LiMnO

2
to 7.3 A_ in the birnessite phase. Under

similar conditions, a di!erent structural transformation of
the orthorhombic-type LiMnO

2
with a rock salt structure

to a spinel like material was reported (18). The chemical
analysis of LiMnO

2
after treating with (NH

4
)
2
S
2
O

8
solu-

tion is given in Table 1. The mean oxidation of manganese
was about 3.9. The water content was determined from the
weight loss after heating the material at 4003C.

The XRD patterns showed a birnessite-type phase
(Fig. 1). The peak intensity of the (001) plane of LiMnO

2
decreased after 15 min; the peak almost disappeared after
6 h of lithium extraction. The new peak of the (110) plane of
the birnessite-type phase appeared and the intensity of the
peak increased as the lithium extraction proceeded over-
time. All the peaks could be indexed to the orthorhombic
system with birnessite-type structure. The SEM image of the
birnessite-type phase retained almost the same morphology
as the precursor LiMnO

2
(Fig. 3, middle). IR spectra of

MnO
2
) 0.70H

2
O showed two absorption bands around

3523 and 3146 cm~1 which could be assigned to the stretch-
ing vibration of hydroxyl groups. The absorption bands
between 400 and 700 cm~1 due to Mn}O vibrations
changed slightly after lithium was extracted from LiMnO

2
.

The DTA-TG curve of the birnessite-type phase showed
two endothermic peaks around 60 and 1003C with weight
loss, which could be attributed to the dehydration of OH
groups (Fig. 4, middle). A small endothermic peak around
5503C could be assigned to the formation of a-Mn

2
O

3
.

Lithium reinsertion into MnO
2
) 0.70H

2
O was deter-

mined using a mixed solution of 0.1 mol dm~3 of LiOH and
LiI. Only 3.5 mmol/g of lithium could be reinserted; the
XRD pattern was the same as the original MnO

2
) 0.70H

2
O.

This study showed that lithium extraction from LiMnO
2
by

(NH
4
)
2
S
2
O

8
solution was an irreversible reaction.

Lithium ions were extracted from LiMnO
2

with 0.5 mol
dm~3 HCl solution, the time required for the extraction was
very short (Fig. 5, top). The layered structure of LiMnO

2
becomes unstable upon extraction of interlayer lithium ions
and water molecules enter the interlayer space. The mecha-
nism involved in chemical extraction of lithium from
LiMn

2
O

4
was "rst reported by Hunter (2). A redox mecha-

nism was proposed for the extraction of lithium from
LiMn

2
O

4
with H

2
SO

4
, involving the disproportionation of

lattice Mn(III) to give a dissolved Mn(II) and a Mn(IV)
oxide phase, called j-MnO

2
, which does not contain water

molecules. In our present case, a similar mechanism seems
to be supported by the experimental data, which showed
25% dissolution of manganese during lithium extraction
from LiMnO

2
with HCl solution. The Li/Mn mole ratio in

the supernatant solution after acid treatment was about
2.05, which was very close to the theoretical value
(Li/Mn"2.0) based on the disproportionation reaction as
shown below:

3LiMn(III)O
2
#4xH`PLi

3~2x
Mn(III)

3~2x
Mn(IV)

x

O
6~2x

#xMn2`#2xLi`#2xH
2
O.

The chemical analysis of acid treated material is given in
Table 1. The oxidation state of manganese was 4 with a low
H

2
O/Mn ratio and with a negligible Li/Mn mole ratio.
The acid treated LiMnO

2
material showed a simple weak

XRD pattern as compared to the original LiMnO
2

(Fig. 1).
Following the acid treatment, the (001) plane, relating to the
interlayer distance between MnO

2
layers of LiMnO

2
, was

shifted to the (003) plane, relating to the interlayer distance
between MnO

2
layers of a new phase at a higher angle,

indicating the lattice contraction caused by lithium deinter-
calation. The interlayer distance was decreased from 4.8 to
4.5 A_ . This XRD pattern of the acid-treated material was
almost the same as reported for LiMnO

2
treated with

H
2
SO

4
or electrochemically charged LiMnO

2
(24, 26, 27).

The transformation from monoclinic to trigonal phase can
be achieved only by the migration of manganese ions into



FIG. 6. pH titration curves of MnO
2
) 0.22H

2
O toward alkali metal

ions (top), pH-dependence of uptake of alkali metal ions (middle), and pK
cvs XM

M
of alkali metal ions (bottom). Adsorbent, 0.10 g; conc., 0.1 mol dm~3

(MCL#MOH); vol, 10.0 cm3; time, 2 weeks.
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the lithium layer as proposed from TEM (27) and XAS (24)
studies. The increase in crystal symmetry occurs because the
Mn3` ions are oxidized on delithiation, thereby reducing
the Jahn}Teller distortion.

The XRD patterns of acid treated material can be indexed
on hexagonal settings with trigonal structure having R31 m
space group (Table 2). Complete lithium removal from mon-
oclinic-type LiMnO

2
resulted in the destruction of the core

structure. The crystal phase of the solid changed from mon-
oclinic type to a trigonal type with layered structure. Adjac-
ent MnO

2
layers in the acid-treated material exhibit an

increase in electrostatic repulsion as negatively charged
oxygen}oxygen interactions increase with the removal of
positively charged lithium ions. The water molecules resided
between the MnO

2
layers to stabilize the layered structure.

We depict the structural relationship between monoclinic
and hexagonal settings for LiMnO

2
and MnO

2
) 0.22 H

2
O,

respectively, in a similar to that for LiCoO
2

material (28)
(Fig. 2, left).

The SEM image of MnO
2
) 0.22H

2
O showed that the size

and shape of the acid-treated material was almost the same
as that of the original LiMnO

2
(Fig. 3, bottom). The lithium

extraction proceeded without change in the particle shape
and size of the original rod-shaped material. The layered-
type manganese oxide with rod-shaped morphology has not
previously been reported in the literature.

IR spectra of the acid treated material showed a small
absorption band around 3500 cm~1 indicating the presence
of hydroxyl groups. The absorption bands around 400 to
700 cm~1 due to Mn}O vibrations in the acid treated ma-
terial were shifted as compared to the original LiMnO

2
.

These shifts have been reported in other acid-treated lithium
manganese oxides (4, 6).

The DTA-TG curve of the acid-treated material showed
a small endothermic peak around 703C with weight loss due
to the evaporation of hydroxyl groups (Fig. 4, top). The
large endothermic peak around 5683C was due the forma-
tion of more the stable Mn

2
O

3
phase with loss of oxygen.

The pH titration curves of the MnO
2
) 0.22H

2
O sample

toward alkali metal ions were obtained in a 0.1 ionic
strength solution of metal chlorides and metal hydroxides.
The titration curves resembled one another and the adsor-
bent showed a simple monobasic character with low ex-
change capacity for alkali metal ions, indicating a weak
acidic adsorbent (Fig. 6, top). The a$nity order was Cs`
(K`( Rb`KNa`K(Li` at pH 12, indicating that
the present sample had no ion-sieve properties. The ion
exchange capacity reached 3.0 mmol/g for Li`, Na`, and
Rb`. The experimentally determined exchange capacity is
smaller than the theoretical capacity (4.8 mmol/g) based on
the chemical formula of MnO

2
) 0.22H

2
O. An exchange

capacity lower than the theoretical capacity has also been
observed for conventional manganese oxide (4}6). The num-
ber of replaceable protons responsible for the adsorption
reactions can be estimated using the di!erence between
a blank run and each titration curve. The apparent capacity
(metal ion uptake) thus determined agreed well with the
metal ion uptakes determined from the decrease of the metal
ion concentration in the supernatant solution (Fig. 6,
middle). The uptake of potassium ions decreased above pH



TABLE 3
Values of pK and DG3 for MnO2 ' 0.22H2O

Concentration Temp. *G3
System (mol dm~3) (3C) pK (kJ mol~1)

LiCl#LiOH 0.1 25 8.24 47
NaCl#NaOH 0.1 25 8.62 49
KCl#KOH 0.1 25 8.70 50
RbCl#RbOH 0.1 25 8.31 48
CsCl#CsOH 0.1 25 9.33 53
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11.5, because the original trigonal phase was transformed
into a birnessite phase.

The titration data can be analyzed on the basis of the ion
exchange mechanism as follows:

H`#M`8M`#H`, [1]

where the bars refer to the species in solid phase. The
selectivity coe$cient, K, of the above reaction can be
de"ned as

K"[a
H
#( f

M
X

M
)]/[a

M
#( f

H
X

H
)] [2]

pK
C
"!log K

C
"!log [(a

H
XM

M
)/(a

M
X

H
)] [3]

"pH!log [XM
M

/(1!XM
M
)]#log a

M

KpH!log [XM
M

/(1!XM
M

)]#log C
M

, [4]

where XM
M

and XM
H

are the equivalent fractions of M` and
H` in the solid phase, respectively, f

M
and f

H
are the

activity coe$cients of the M` and H` in the solid phase,
respectively, and (a

M
#) and (a

H
#) are the activities of

lithium and hydrogen ions in solution, respectively. The
K value and standard free energy change (*G3) can be
evaluated by using a simpli"ed form of Gaines}Thomas
equation as follows (28):

pK"!log K"P
1

0

pK
c
dX

M
[5]

*G3"(2.303 R¹) pK [6]

The pK
c
values calculated from Eq. [4] above for MnO

2
)

0.22H
2
O were plotted against X

M
in (MCl#MOH) system

(Fig. 6, bottom). The pK and *G3 values calculated are
given in Table 3. The intrinsic selectivity coe$cients, pK

0
,

were evaluated by extrapolating the lines in the pK
c
vs X

M
plot to &&zero loading'' (X

M
"0) of alkali metal ions. The

zero-loading values correspond to the thermodynamic
quantities of the hypothetical reaction, where 1 mol of pro-
ton is exchanged with 1 mol of alkali metal ions in an
in"nitesimally dilute fraction of XM

M
. From pK

0
values, we

can estimate whether the adsorbent shows a strong or weak
acidic nature. The pK

0
value of the lithium/proton ex-

change was found to be 1, whereas for all other metal
ions/proton exchanges, similar values of around 2 were
observed. The value of pK

0
on zero loading of the ion

exchange reaction is a re#ection of the action between the
adsorption site and ion. These pK

0
values of 1 and 2 indi-

cate that the intrinsic acidity of the exchange sites is stron-
ger than the acidity of (about 4) of typical acid carboxylate.
The adsorbent showed a steric hindrance for large ions such
as cesium. The free energy changes were positive for all
systems, indicating that alkali metal ions are exchanged less
preferably on the exchange sites of the adsorbent.

Lithium reinsertion into MnO
2
) 0.22H

2
O was deter-

mined using a mixed solution of 0.1 mol dm~3 of LiOH and
LiI. Only 2.5 mmol/g of lithium could be reinserted and the
XRD pattern was the same as the original MnO

2
) 0.22H

2
O.

This study showed that lithium extraction from LiMnO
2
by

HCl solution was an irreversible reaction.

CONCLUSION

A birnessite-type MnO
2
) 0.70H

2
O was obtained after

LiMnO
2

was treated with 0.1 mol dm~3 (NH
4
)
2
S
2
O

8
solu-

tion. A metastable layered structure (trigonal) MnO
2
) 0.22

H
2
O was obtained after monoclinic-type LiMnO

2
was

treated with 0.5 mol dm~3 HCl solution. The MnO
2
)

0.22H
2
O showed no ion-sieve properties. The a$nity series

for alkali metal ions was Cs`(K`(Rb`+Na`+Li`
at pH 12 and high pK values for alkali metal ions, indicating
a weak acidic adsorbent. The high positive values for free
energy change indicated that the MnO

2
) 0.22H

2
O did not

permit the complete exchange reaction of alkali metal ions.
Delithiation results in irreversible trivalent manganese oxi-
dation to tetravalent manganese. This in turn reduces the
charge on the layers and therefore the capacity to bind ions.
The SEM images of LiMnO

2
, MnO

2
) 0.22H

2
O and

MnO
2
) 0.7H

2
O were almost the same, irrespective of their

structures and peak intensities in XRD patterns. Mono-
clinic-type LiMnO

2
was transformed to a mixture of

LiMn
2
O

4
and Li

2
MnO

3
after heating at 4503C.
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