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Birnessite and manganite materials were prepared using a simple
precipitation process in an alkaline medium. Potassium hydroxide and
tetraethyl ammonium hydroxide (TEAH) used as the precipitating agents.
Different techniques such as XRD, DSC, TGA, FT-IR, TEM and N adsorption
analyses were employed to characterize the prepared samples. The results
revealed that the formed phase in the prepared sample is dependent on the
concentration of the precipitating agent. In addition, the XRD results
showed the formation of various phases through controlling the
concentration of the precipitating agent. Pure phase of birnessite produced
in the high alkaline medium, and manganite (y-MnOOH) at relatively low
alkalinity. The samples prepared by using TEAH were well crystalline
compared with the analogue one prepared by KOH. The obtained results
elaborated the role of TEAH in directing the order of the particles during the
preparation step.
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Introduction

Among the metal oxides, manganese dioxide
is one of the most attractive inorganic materials
because of its stability towards high
temperature, acidic or basic conditions of
different reactions. These reactions include the
catalytic ozonation of oxalic acid [1], trans-
esterification of soybean [2], oxygen evolution,
and oxygen reduction [3]. MnO; has several
crystallographic forms
octahedral units “MnOg¢” are linked in different
ways [4].

The layered manganese oxides are classical
type of inorganic host layer as birnessite [5],
lithiophorite [6], cryptomelane [7, 8],

because the basic

romanechite, hollandite [9], and todorokite [10].

Natural &-MnO; (birnessite) is a highly
disordered and occurred in a finely dispersed
state, commonly mixed with other phases such
as phyllosilicates and Fe oxy-hydroxides.

Birnessite has gained a great deal of
attention as an electrode material for super
capacitors because of its thin sheet-like lamellar
structure, which is similar to the hydrated
ruthenium oxide [11]. In addition, it can be
ordered to facilitate the cations
intercalation/de-intercalation process [12].
Because of the structural defects, and large
specific surface area; birnessite plays an
important role in the heavy metals [13], and
other pollutants removal [14]. It can be used as
a highly sensitive and selective hydrogen gas
sensor [15], catalysis [16], ion exchange, and
energy storage [17]. Several methods were
developed to prepare the birnessite-type MnO;
structures, including hydrothermal synthesis
[18], micro-emulsion route [19], sol gel [20],
electro-deposition [21],
assisted route [22].

This work provides an interesting cheap and

and microwave-

non-toxic approach to prepare the manganese
oxides with diverse controllable structure,

texture, and phase purity in an alkaline medium.
The controlled reactions allow the large-scale
and the cost-effective synthesis of birnessite
and manganite materials.

Experimental

The materials used in this study were of
analytical grade (purity: 99.99%), purchased
from Sigma-Aldrich company, and used without
further purification.

Preparation of birnessite material

To prepare the birnessite sample, 500 mL of
0.2 mol MnSOs solution, 1.5 mol KOH, and 10%
vol/vol of H,0, were mixed in a conical flask,
under air bubbling at a flow rate of 150 r/min
for 5h. After that, the obtained precipitate
(birnessite) centrifugally separated, washed
several times with distilled water (until pH of
the filtrate reaches 7), and air-dried.

Preparation of manganite material

To prepare manganite sample, 500 mL of 0.2
mol MnSO, solution, 0.15 mol KOH, and 10%
vol/vol of H,0, were mixed in a conical flask,
under air bubbling at a flow rate of 150 r/min
for 5 h. The obtained precipitate (manganite, y-
MnOOH) centrifugally separated, washed
several times with distilled water (until pH of
the filtrate reaches 7), and air-dried. The
formed phases of either birnessite, and or
manganese oxides were controlled by different
factors as; the concentration & type of the
precipitating agent, the presence of an oxidant
(H202), and the effect of
temperature.

calcination

Structural phase changes

X-ray diffraction pattern (XRD) was carried
out on a Shimadzu XD-1 diffracto-meter using
Cu Kqradiation (A=0.1542 nm) at a beam voltage
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of 40 kV and 40 mA beam current. The Joint
Committee on Powder Diffraction Society
(JCPDS) database used to index the peaks of
XRD. Average crystallite size was calculated
using Sherrers equation from X-ray line
broadening using the most intense peak at 26 =
12.30 (birnessite), and 35.6° (manganite). These
peaks are well resolved and showed no
interferences.
constants of the samples were made by
refinement of the XRD data and match software
using the Rietveld full profile method, Chi
square value =2.7 [23].

Fourier transform infrared (FT-IR) was
investigated using a spectrometer Perkin-Elmer
-Spectrum-! (4000-400 cm) at a resolution of
4 cm-l. Before measurement, the samples were
grounded, and dispersed in KBr to compress
into pellets.

Differential scanning calorimetry-thermo-
gravimetric (DSC-TGA) was performed on
SDTQ-600 (TA-USA) thermo balance

Determination of the lattice

instrument. 10 mg of sample was heated up to
1000 °C, with a heating rate of 10 °C . min-t
under air-flow at a rate of 100 mL min-1.

N2-adsorption
performed at -196 °C in a Micromeritics 2000
ASAP analyzer to determine the specific surface
area and pore size distribution.

High-resolution
microscopy (HRTEM) images of the samples
JEOL JEM-2100F
microscope operating at voltage of 200 kV. The
samples were prepared by dispersing in ethanol
and sonicated for 20 min. The suspension was
dropped on a carbon coated copper grid for
TEM observations.

measurements were

transmission electron

were recorded on a

Results and Discussion

Factors affecting the preparation of different
phases of manganese oxide

Effect of the oxidant concentration

® Mn(OII)2
O Mn304

W Birnessite

m MixingMnSO4+KOII+

MixingMnSO4+KOH+
air+7.5%H202

- MixingMnSO4+KOH+
I AIr+5%H202

Mixing MnSO4+KOH+air

Mixing of MnSO4 +KOH
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Figure 1. Effect of the presence of oxidant on the formed manganese oxide samples

X-ray diffraction pattern (Figure 1)
displayed the sample obtained on mixing
manganese sulphate and potassium hydroxide
(1.5 mol). Data in figure reflect the appearance
of sharp lines at 26=30.5, 35.4, 50.07, and 60.0°

in which were identified as crystalline Mn

(OH)2-(JCPDS-01-73-1604). Initially, on drop-
wise addition of KOH, the pH in the vicinity of
the drop becomes alkaline leading to the
formation of a white colored Mn(OH),. Upon
stirring, the pH became acidic and the
precipitate re-dissolved. Gradually, as the pH
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becoming more alkaline crystalline Mn(OH):
was precipitating in place of re-dissolving.

Under air bubbling, which is favored as an
oxidant, the diffracto-gram (Figure 1) detects
lines at 26=18.2,29.4, 30.7, 32.4, 36, 38.2°, 44.9,
50.9°, and 60°. These lines are matched with the
tetragonal husmannite, (JCPDS-24-0734, with
lattice constants a=b=0.5765 nm, and c = 0.9442
nm). This means that, Mn(OH); is substantially
converted to brown colored husmannite
(Mn304) under air bubbling. Otherwise, as the
airflow is not enough to facilitate the birnessite
formation, different concentrations of H0:
added as co-oxidant.

Upon the addition of 5% (vol/vol) H20., the
XRD pattern (Figure 1) reveals the detection of
two distinct major peaks at 260=12.3° and 24.7°
and two broad ones at 20=37.1° and 65.7°.
These peaks are assigned to the planes of MnO;
with a birnessite structure (JCPDS-1456-43,
hexagonal symmetry, a=b=0.279 and c=0.725
nm) [24]. Besides, other diffraction lines that
characterize the presence of husmannite was
observed.

Birnessite has a lamellar structure consisting
of one Mn-(IlI)Os octahedral chain inserted
between two Mn(IV)Os octahedral chains. The

interlayer distance of MnOs octahedral layers is
0.73 nm. The broadening of the peaks revealed
that the formed birnessite product has a small
crystallite size with a poor crystalline structure.

With the progressive increasing in
concentration of H;0; from 5 to 7.5%, the
husmannite diffraction lines became weak. The
pure birnessite phase formed after adding 10%
(vol/vol) Hz0,.

Effect of the concentration of the precipitating
agent

Inorganic  precipitating (potassium
hydroxide, KOH)

agent

Concentration of the alkaline solution (KOH)
is a factor to determine the type of manganese
oxide phase. The precipitation process for
manganese species was carried out using KOH
concentrations: 0.05, 0.15, 0.5, 1.0, and 1.5 mol
(the concentration of H20; is 10% vol/vol). At a
relatively low KOH concentration (0.05 mol),
the diffraction pattern (Figure 2) reveals the
appearance of diffraction lines at 26=21.8°,
36.9° 41° and 55.8°. These lines reflect the
formation of y-MnO; phase (JCPDS -14-0644).
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Figure 2. Effect of Concentration of KOH on the Formed Manganese Oxide Samples

y-MnOg; is favored to form at nearly neutral
medium as postulated by De Wolff [25] who

prepared MnO: by redox reaction of Mn*7 at
pH=8.
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With gradual increasing in the concentration
of KOH to 0.15 mol, sharp peaks are observed at
20=18, 26.22, 34.01, 35.63, 39.62, 51.31, and
65.53¢ (Figure 2). These peaks characterized
the formation of manganite (y- MnOOH, JCPDS-
41-1379, a=5.29, b = 5.263 and c=5.304 A).
Thus, by increasing the concentration of the
KOH (0.15 mol.), MnO; collapsed, dissolved, re-
crystallized, and formed y-MnOOH with a high
surface-energy. The progress increase in KOH
concentration to 0.5 mol. (Figure 2), clarified a
slight increase in the intensity of diffraction
lines characterizing the MnOOH phase. In
accordance, the birnessite diffraction lines were
intimately detected. By further increasing the
concentration of KOH to 1.0 mol, the formation
of birnessite was increased in parallel with the
gradual decrease of MnOOH formation. Pure
birnessite phase is detected on using 1.5 mol
KOH. As clarified, the use of an oxidant under air
bubbling may compensate the need of sufficient
quantity of the alkaline agent to form birnessite
phase. Therefore, the most-selected KOH
concentration is 1 mol. This result conflicts with
Gai etal.,, [26] data who studied the preparation

of birnessite via the oxidation of Mn*2 in the
presence of an oxidant under alkaline condition
(the concentration of alkaline agent reached
~5.5 mol).

Organic  precipitating  agent
ammonium hydroxide, TEAH)

(tetraethyl

The effect of type of the precipitating agent
(TEAH, 0.05-1.0 mol concentration range) on
the structure of the formed phases was studied.
The pattern (Figure 3) reveals the
disappearance of y-MnO; phase on using 0.05
mol TEAH, which was due to the presence of an
electrostatic negatively
charged surface of MnO> could easily adsorb the
positively charged TEAH ions, either on the
surface and or entered the tunnel for negative
charge compensation. Accordingly, some
strains are created in the MnO; tunnel structure
that is easily destroyed and then re-crystallized
to form MnOOH phase (26=18, 26.22, 34.01,
35.63,39.62,51.31, and 65.53°).

interaction. The
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Figure 3. Effect of concentration of TEAH on the formed manganese oxide samples

On using 0.15 mol. TEAH, sharp diffraction
lines with high intensities were detected
(Figure 3), correspond to the formation of pure

MnOOH phase. This result suggested that the
TEAH could induce an electrostatic repulsion
forces between particles. The growth rate of the
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particles reduced to a point to prevent their
agglomeration. Thus, the obtained particles
during the initial precipitation step were
ordered and well-dispersed ones. On using 1.0
mol TEAH, the pattern (Figure 3) reflects the
presence of sharp and broad peaks at 26=12.3°,
24.7°, 37.1°, and 65.7°, which are consistent
with hexagonal ordering of birnessite phase. It
is obvious that, the interlayer spacing (0.75 nm,
26=11.8°), is larger than that for birnessite
(0.72 nm-using KOH) [26]. This result suggests
that both of anionic and cationic parts
containing TEAH species could be incorporated
in-between birnessite layers. These species
induce a repulsive hydration and then a high
fraction of interlayer space formed and filled
with water and proton ions. Besides, the unit
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cell volume is bigger (103.7 Ac) than the
analogue (103.0 Ac, KOH), resulting in the
weakness of Mn-0 bond strength. This may
provide the sample with a concentration of ion
pairs (Mn3+ and Mn#+) on the surface.

Effect of calcination temperature

The effect of calcination temperature was
studied at 300, 450, and 600 °C to investigate
the thermal transformation of the precipitated
manganese oxide phases. The X-ray diffraction
pattern (Figure 4) for MnOOH-KOH sample
calcined at 300 °C, represented diffraction lines
at 26=29.0, 37.5, 41, 43.5,56.3, and 59.5°, which
indexed to a tetragonal $-MnO; phase (JCPDS-
24-0735, a=0.4397, ¢=0.2872 nm).
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Figure 4. XRD for the MnOOH sample calcined at different temperatures

With further increase in calcination
temperature to 450 °C, diffraction lines are
detected at 26=18.2, 29.4, 30.7, 32.4, 36, 38.2,
449, 509, and 60° (Figure 4) and can be
indexed to Mn304 phase. With the increase in
the temperature to 600 °C, diffraction lines
(Figure 4) are detected at 20=24, 32.5, 39, 45,
50, 55, and 65.5°, which corresponded to the
formation of a cubic bixbyte Mn;0z phase
(JCPDS-41-1442, a=0.941 nm).

From point of view, the obtained results in
this study agreed with the data postulated by

Atique Ullah et al., [27].

They informed that Mn304 transformed to
Mns0g phase at 500
transformed to cubic Mny03
(Equations 1-3):
4MnOOH+0, (250-300 °C) - 4 B-MnO+2

°C, and completely
at 700 °C,

H20(gas) (D
6MnOOH + 5/20; (350-400 °C) - 2Mn304+3
H,0 (gas) (2)

Mn304+2/502 (500 OC) —>3/5M1’1503, Mn508 is
subsequently converted to Mn,03 at 700 °C (3)
Meanwhile, Vro et al, [28] represent that
manganite (y-MnOOH) transformed to Mn,03 at
350-450 °C. After that, it can be transformed to
Mn304 at 900-1000 °C temperature range, via
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the reduction reaction of Mn,03 and the oxygen
evolution.

On the other hand, the pattern (Figure 4) for
MnOOH-TEAH sample, calcined at 300 and
450 °C detects diffraction lines at 20=18, 26.22,
34.01, 35.63, 39.62, 51.31, and 65.53°. These
diffraction lines are consistent with the y-
MnOOH phase but with low intensities. On
increasing the calcination temperature to 600
oC, diffraction lines are detected corresponding
to the formation of [B-MnO; phase. The
formation of B-MnO, at high temperature
suggested that TEAH could increase the stability
of the formed y-MnOOH phase and retarded its
transformation up to 600 °C [29].
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XRD pattern for the birnessite -KOH sample
calcined at 300 °C (Figure 5) detected the
presence of Mn304 phase, which was formed via
the decomposition of birnessite at 300 °C. At
calcination temperature 450 °C, the pattern
(Figure 5) detected lines at 20=12.8° 18.5°,
28.9° 37.5° 42° and 50° corresponds to the
formation of tunnel-structured manganese
(cryptomelane, JCPDS-29-1020). On
further increase in the calcination temperature
to 600 °C, birnessite is de-hydrated; re-
structured and pure cryptomelane phase is
formed [11].
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Figure 5. XRD for the birnessite calcined at different temperature

Structural characterization
Average crystallite size

The crystallite size for the prepared
materials was calculated using both XRD and
TEM. The crystallite size for MnOOH -KOH
actually decreased from 15.3 to 11.0 nm for the
analogue wusing TEAH. The
crystallite size from 33.5 to 17.0 nm was also

decrease in

observed for birnessite -TEAH, in parallel with
the results obtained from TEM (Table 1). Thus,
the increase in the electron donating capacity of

ethyl-group (TEAH) favored the formation of
smaller crystallite size.

Table 1. Crystallite Size for the prepared
Samples

Samples Crystallite Size (nm)
XRD TEM
Birnessite-KOH 33.5 28.7
Birnessite-TEAH 17.0 12.7
MnOOH -KOH 15.3 11.5
MnOOH -TEAH 11.0 6.2

Fourier transform infrared
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FT-IR spectrum for MnOOH -KOH sample
(Figure 6) displayed bands at 593, 712, and 488
cml  that characterize Mn-0 stretching
vibration of y-MnOOH in tetrahedral and
octahedral sites [30]. The broad bands at 2084
and 2672 cm-! correspond to the fundamental
O-H stretching bands related to hydrogen
bonds, with an O-H- - -0 in the structure of
manganite [31]. The bands at 1089, 1120,
and1196 cm! are typical of the y-OH, §-2-0OH,
and &8-1-OH bending modes, respectively. The
bands assigned at 1636 and 3413 cm! are
related to the adsorbed water molecules on the
particle surfaces. The observed band at 2069
cm! is attributed to the binary combinations

¥
Lonmsosittance %

la I

RET AT R 2200

Figure 6. FT-IR for the prepared samples

The stretching band at 1614 cm!
corresponds to the angular deformation of the
molecular water. The broad band at ~ 3420 cm-
1 was an indicative to the stretching and
bending vibrations of water molecules or
hydroxyl groups in the interlayer.

Changing the precipitating agent to TEAH
causes a slight shift in the positions of the
characterized Mn-0 bands (bending and
stretching modes). These changes resulted from
the increase in the crystalline order of TEAH-
samples, which was in accordance with the XRD

N . T A \\/;
—~—

involving the OH vibrations of manganite [32].
FT-IR spectrum for birnessite -KOH sample
displays bands in the region between 400 and
800 cm-1, which could be assigned to Mn-0
lattice vibration [33]. The bands at 513, 478,
and 413 cm! are in good agreement with the IR
characteristic bands of layered manganese
oxides. Besides, these bands correspond to Mn-
O stretching modes of the octahedral layers in
the birnessite structure. While, the bands
assigned at 730, 670, 627, and 578 cm-l, are
related to the vibration modes (wagging,
bending, symmetrical, and asymmetrical
stretching) of the octahedral layers of Mn-0
bonds in birnessite structure [34].
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results. In addition, the pronounced increase of
band intensity at 3433 cm! is observed more
for the prepared TEAH-samples than for KOH
ones. Such increase was attributed to the
increase of the hydroxyl groups or tunnel water
species. Moreover, the two sharp bands at 2850
and 2914 cm! are assigned to the symmetric
and asymmetric stretching modes of the -CH;
group of TEAH. The symmetric and asymmetric
vibrations of (CH3)s—N* groups are associated
with the band at 1510 cm-L. The band located at
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930 cm is assigned to the C-N* stretching
mode of TEAH [35].

Thermal analysis

Differential scanning calorimetry (DSC) and
thermo-gravimetric (TG) analyses for the
prepared samples are displayed in Figure 7 and
8.
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MaOOH-TEAH
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Figure 7. DSC Profiles for the prepared samples
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Figure 8. TG Profile for the prepared samples

DSC profile for birnessite -KOH sample
(Figure 7) reveals the presence of endothermic
peaks at ~80 and 180 °C. These peaks
correspond to the removal of the physically
adsorbed water and some of the crystallized
water from the interlayer of the birnessite,
respectively. As evidenced from XRD results at

Temperature,of

reaction temperature 300 °C, the birnessite
structure is unchanged, which reflects its
thermal stability. On the other hand, the
exothermic peak detected at 500 °C is related to
the phase transformation of K-birnessite to
cryptomelane that had one-dimensional (2 x 2)
tunnel with K+ in the tunnel site, in agreement
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with Rives et al, results [36]. The endothermic
peak detected at 820 °C is attributed to the
collapse of the cryptomelane structure and its
transformation to manganese oxide species
[37]. On contrary, the DSC profile for birnessite
-TEAH sample ascribes the slow behavior of
TEAH on the oxidation process of birnessite.
The transformation of the birnessite -TEAH to
cryptomelane  was
exothermic peak is delayed and started to
appear at 600 °C, which is consistent with XRD
results. The TG profile for birnessite - KOH
sample (Figure 8) illustrates four steps with
total weight losses of 9.5 wt%. The first weight
loss (6.25 wt%, in the 25-210 °C temperature
range) resulted from the removal of the
adsorbed water. The second one (0.85 wt%, at
210-480 °C) is attributed to the partial
reduction of Mn# to Mn3+, and the released
oxygen from the oxide [17]. The third step (at
480-750 °C) shows a slight weight gain (-0.6
wt%), which is ascribed to the phase
transformation via the oxidation of Mn3* to
Mn*+. The fourth one (2.36 wt%, at 750-840 °C)
is related to the structural transformation from
MnO; to manganese oxide species.

TG profile for birnessite -TEAH sample
(Figure 8) behaves similarly as KOH but with
higher weight loss values (11.54, 2.46, and 4.24
wt %), which may include the decomposition of
TEAH molecules and suggested the hygroscopic
nature of this sample. Thus, the total content of
physisorbed and structural coordinated water
of birnessite -TEAH is more than that of the
birnessite -KOH samples. This was because the
tetra-ethyl ammonium hydroxide molecules
exhibit a stronger affinity to OH anions. DSC
profile for MnOOH- KOH sample (Figure 7)
reflects the presence of only two obvious
endothermic peaks.

decelerated as the

As known, the transformation of y-MnOOH
to B-MnO; is an isomorphic transformation.
Whereas, the hydrogen may be removed from
the channels of y-MnOOH under heating and
subsequently B-MnO; is formed. Therefore,
there is no indication that this transformation
can be detected by DSC profile. The observed
DSC peaks may be due to the crystal
transformation of 3-MnO; to other manganese
oxidation states. DSC profile for the analogue
one (TEAH) displays only one endothermic
peak at 850 °C, which may be due to the
complete transformation of MnOOH to the
stable oxide form Mn;03, in agreement with
XRD data. The weight loss for MnOOH samples
can be categorized into four segments (Figure
8), with total weight losses (12.7 wt%). The first
weight loss (0.3 wt%, at 50-170 °C) results
from the removal of the physical adsorbed
water. The weight loss (2.9 %, at 310-370 °C) is
due to the decomposition of y-MnOOH to (-
MnO.. The subsequent weight losses (~ 6.8 and
2.7 %, at 500-580 °C and 800-900 °C) are due to
the crystal transformation of MnO to the other
manganese oxidation states.

On the other hand, the TGA profile for
MnOOH-TEAH sample displayed three weight
loss steps (Figure 8). These steps are due to: the
removal of adsorbed water, the subsequent
transformation of MnOOH into $-MnO2, Mn;03
phases and the decomposition of TEAH
molecules. The total weight loss (10.8 wt%) is
lower than that of KOH, and confirms the
stability of the formed material.

Texture characterization

The N adsorption-desorption isotherms
and pore size distribution plot of the prepared
samples using different precipitating agents are
represented in Figure 9.
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Figure 9. Adsorption-desorption isotherms and pore size distribution for a) Birnessite, b) MnOOH

samples

The textural properties including BET surface
area, total pore volume, and average pore

diameter are tabulated in Table 2.

Table 2. Surface texture parameters for the prepared Samples

Sample Sger m2 g1
Birnessite-KOH 16.17
Birnessite-TEAH 35.3
MnOOH -KOH 21.4
MnOOH -TEAH 50.8

The isotherm for birnessite- KOH sample
configured no clear capillary condensation and
hysteresis loop at high p/p° indicating its poorly
porous nature. In contrast, birnessite -TEAH
sample exhibits type II isotherm with H3
hysteresis loop (according to the IUPAC
classification). This suggested the
presence of slit-like pores formed by the
stacking of sheet-like building. On the other
hand, data (Table 2) clarified the low value of

result

Vp, cm3 g1 'y, NM
0.039 0.18
0.21 0.37
0.32 0.13
0.46 0.29

BET surface area (16.17 m2/g) and total pore
volume (0.039 cm3/g), which are visualized for
birnessite - KOH sample. Thus, the sample
exhibits poor crystalline structure, which would
not contribute much to either surface area
and/or pore volume. Meanwhile, the relatively
higher surface area (35.3 m2 g!) and pore
volume (0.21 cm3 g1!) of birnessite -TEAH
sample are attributed to the order of birnessite
sheets. The prepared MnOOH samples (KOH
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and TEAH) exhibit type IV isotherm with H3
hysteresis loop that indicated the meso-porous
nature of the prepared samples. The abrupt
nitrogen uptake and a narrow hysteresis loop at
P/P% range of 0.6-0.95 for MnOOH-TEAH
suggested the presence of an interstitial space
between the particles. The surface area of
MnOOH -TEAH (50.8 m2 g-1) is higher than that
of the analogue one (KOH, 21.4 m? g-1). The
aggregates degeneration induced by the TEAH
may be the reason for such increase in surface
area.

Pore size distribution

The pore size distribution curves derived
from the desorption branch for birnessite and
MnOOH samples are graphically illustrated in
Figure 9. The low crystalline nature of
birnessite -KOH sample leads to its poor pore
structure and eventually to a narrow pore size
distribution around 4.9 nm. On the other hand,
birnessite -TEAH sample exhibits multi-pore
size distributions (20-100 nm), in parallel with
the increase in: Sger, Vp, and the amount of
adsorbed gas. This behavior may be related to
the intercalation of TEAH in between birnessite
sheets, causes merging of some narrow pores
and creation of other new meso-pores.

KOH

MnOOH -KOH sample exhibits bi-modal
pore size distribution centered at 2.2 and 6.3
nm, which reveals its meso-porosity.

For MnOOH-TEAH sample numerous pores
are generated in the range 40-80 nm, which
suggested the creation of meso- and wide meso-
pores. TEAH molecules may greatly orient the
growth of particles that lead to the generation
of pores via the spaces between the particles as
indicating from the increase in pore volume.

High resolution transmission  electron

microscopy

The morphology of the prepared samples of
birnessite and manganite with either KOH and
or TEAH were investigated by HR-TEM. The
images (Figure 10) show that the prepared
samples consisted of fine needle-like nano-rods
with regular shape. The average diameters are
28.7 and 11.5 nm for birnessite and manganite
(KOH), respectively, in agreement with Xi et al.
data [38]. Meanwhile, the TEM images for the
samples prepared using TEAH show dispersed,
more uniform nano-rods with anincrease in the
length and a noticeable decrease in the average
diameter (12.7, 6.2 nm for birnessite and
manganite, respectively).

TEAH
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Figure 10. TEM images for a) Birnessite, b) MnOOH samples

Reaction steps for producing either manganite
and/or birnessite

Manganite was formed via the precipitation
of Mn?* in a basic medium (at pH=8-9) in
presence of air and H»0, as oxidant reagents.
Firstly, the hydrolysis of Mn2* gives rise to
Mn(OH).. Part of the precipitate may undergo
the oxidation in air, according to the following
equations (4-6):

Mn+*2 + 20H-=Mn (OH); (4)
4Mn (OH); +H202=4MnOOH+2H,0 (5)
The over all chemical reactions involved:

MnSO4+H;02+2NaOH=MnOOH+2H,0+NazS04+
1/2H; (6)

At pH=13, with the participation of dissolved
oxygen, a lower oxidation state of manganese
Mn+2 is fast oxidized and restructured to form
the birnessite structure (Mn+*3+4). Birnessite
under alkaline conditions consist of vacancy
free Mn octahedral layers and many negative
charges that are associated with the
substitution of Mn3+ for Mn#+. Layer-layer
stabilization in birnessite occurs by means of a
strong association of K+ with the excessive
negative charge in the layers

Besides, there is a hydrogen bonding
between layer O atoms and interlayer H,O
molecules. When the potassiumions in the
birnessite are replaced by TEAH, H-birnessite
phase is formed. The existence of K* or H*ions
(besides ethyl group) controlled the size of the
tunnel and played a decisive role for
transformation of birnessite to cryptomelane
under thermal treatment [39]. The
cryptomelane was formed via the intercalation
(pillaring) of the octahedral MnOs into the K-
sheets. The pillars eventually
coalesce to form a vertical set of octahedral
sheets of cryptomelane structure, which yields
a 2 x 2 tunnel structure. The large size of ethyl
group helps to prevent the birnessite layers
from collapsing during the thermal process. The
process of preparation of cryptomelane with
MnSO4 and KOH occurred as follows (Equations
7,and 8):

Mnz++20H--Mn (OH)2+02—hausmannite
(Mn2+Mn3+)+H,0, —-MnOOH (Mn3+) (7)
MnOOH+OH- +H;0, — K-birnessite (Mn3+ >
Mn#+)+Heat—cryptomelane (Mn3+<Mn#*)  (8)

birnessite
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Conclusions

From the previous work it can be concluded
that:
Manganite and Birnessite have potential

application in many fields as: catalysis, ion

exchange, energy storage, removal of the heavy

metals and can be used as a highly sensitive and
selective hydrogen gas sensor.

e Birnessite and manganite are prepared by
simple, inexpensive and effective oxidation
of MnSO4 solution with H;0: in an alkaline
medium, either KOH and/or TEAH.
Manganite is formed at low pH value in
presence of KOH as an alkaline medium
while birnessite is formed at high pH value.

e Manganite and birnessite prepared by using
TEAH, exhibit high surface area and meso-
porosity, in comparing with the analogue
prepared by using KOH. Controlling the
concentration and type of alkaline medium
tuned easily: the crystalline nature, specific
surface area, and pore size distribution of the
formed manganese oxide phases.

o The precipitating agent TEAH plays an
important role in  directing the
crystallization of reactants to form birnessite
and manganite with high surface area, at low
temperature.
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