SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF FEITKNECHTITE
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ABSTRACT

The synthesis of Mg2* doped B-MnOOH which is known as feitknechtite is
reported. Feitknechtite is a layered material having the Cdls structure. The
characterization of M92+ doped feitknechtite was done with X-ray powder
diffraction, elemental analysis, energy dispersive X-ray analysis, scanning
electron microscopy, alternating current (AC) impedance, Fourier transform
infrared spectroscopy, thermogravimetric analysis, ditferential scanning
calorimetry, average oxidation state titrations of manganese, and acidity
measurements. The formation of feitknechtite is related to the MnO4/Mn2* ratio
used in the synthesis. Feitknechtite can be converted to synthetic birnessite or
octahedral layer birnessite (OL-1) which is a precursor to the 6.9 A tunnel
structure material todorokite.

INTRODUCTION

The mineral feitknechtite [3-MnOOH] was first studied systematically by
Feitknecht and Marti in 1945 [1]. They prepared a mixed phase of MNOOH and
Mn304 by oxidation of an aqueous suspension of Mn{(OH)>. They assigned this
mixed phase material on the basis of X-ray powder diffraction methods and
referred to it as hydrohausmannite. Frondel in 1952 reported [2] that a mineral
from Franklin, New Jersey had a similar X-ray powder diffraction pattern as that
of hydrohausmannite. In 1962, Feitknecht, Brunner, and Oswald [3] suggested
on the basis of electron microscopy data that the material referred to as
hydrohausmannite by Feitknecht and Marti [1] was a mixture of Mn304 and -
MnOOH, which was thereafter referred to as feitknechtite.

The structure of B-MnOOH is now recognized as having the Cdl2 structure
[4]. There are two other MNOOH phases. All three phases consist of MNnO3(OH)3
octahedra that share edges and vertices in different ways. One of the other two
phases is a-MnOOH which is known as groutite and has a double chain
structure [4]. The other phase y-MnOOH is known as manganite and has a
corrugated structure [4]. Different oxidation conditions can yield synthetic
versions of manganite [5, 6]. Stability relationships among these and other
phases have been discussed by Bricker [7]. The structures of all three phases
are shown in Figure 1.

The goals of this research were to study the synthesis mechanism of Mg2+
doped synthetic birnessite which has been referred to as octahdral layer (OL-1);
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Figure 1. Structures of Various MNOOH Materials.
to understand the formation of feitknechtite [3-MnOOH]; to characterize synthetic
feitknechtite; and to study the stability of feitknechtite. Feitknechtite is an
octahedral layer structure which from herein will be referred to as OL-2. We
have reported that the incorporation of Mg2* into the framework structure of
synthetic birnessite or OL-1 is critical in controlling the thermal stability of OL-1
as well as tunnel structure materials like synthetic todorokite (OMS-1) that can
be prepared from OL-1 [8,9]. We report here the clean transformation of Mg2+
doped synthetic feitknechtite into OL-1.

EXPERIMENTAL SECTION
Synthesis of Mg2* Doped Feitknechtite.

Feitknechtite was prepared by dissolving 20 g of NaOH in 80 mL of distilled
deionized water (DDW). A second solution of 7.5 g MnCl>-4H20 and 1.5 g of
MgClo-6H20 in 50 mL of DDW is slowly mixed with the first solution and stirred
for 20 min. An orange white precipitate is formed which is filtered, and washed
with DDW in a centrifuge until the pH decreases to 10. The wet solid is then air
dried at room temperature for a few minutes until a dark brown fine powder is
produced.

Characterization.

X-ray powder diffraction patterns were collected on a Scintag XDS-200
diffractometer using Cu Ka radiation and 45 kV and 40 mA. Scans were done at
5020 per minute. Differential scanning calorimetry and thermogravimetric
analyses were done as reported previously [8,9]. Procedures for elemental
analysis [8,9), energy dispersive X-ray analysis [8,9], scanning electron
microscopy [8,9], ac impedance [10], Fourier transform infrared spectroscopy
[11], thermogravimetric analysis {8,9], differential scanning calorimetry [8,9],
average oxidation state titrations of manganese [8,9], and acidity measurements
have been reported previously, except for the following specific procedures.
Samples were completely dissolved in aqua regia and diluted with DDW prior to
atomic absorption analyses. All ac impedance measurements were done at low
(1 kHz) frequency. Samples for acidity measurements were done on 10-20 mg
pressed pellets that were thermally dehydrated to 1509C at 5 x 10-5 torr for 3 h.
Pyridine chemisorption was done at 100°C for 30 min followed by heating to
1400C for 3 h to remove physisorbed pyridine.



RESULTS

XRD data for M92+ doped synthetic feitknechtite show a major peak at at
4.59 A. This is assigned to the (002) reflection of feitknechtite. There are no
other reported reflections for any manganese oxide, hydroxide or oxyhydroxide
at this d-spacing. Two other reflections of feitknechtite are observed at 2.57 A
(311) and at 2.40 (312) which are the second and third most intense reflections.
There are only 3 other very weak (I = 10,1,1) reflections reported for feitknechtite
(JCPDS 18-804) which are not observed in our sample. These diffraction data
are consistent with an octahedral layer structure which from herein will be
referred to as OL-2.

If the synthesis is allowed to continue for 1.5 days, then reflections indicative
of OL-1 are observed. Major peaks at 12.5 and 25° 26 are observed as well as
less intense peaks, all indicative of OL-1.

Average manganese oxidation state (AMOS) titration data for OL-2 suggest
an oxidation state of 3.15. This value is significantly lower than other octahedral
layer materials like OL-1 with an AMOS = 3.6 and octahedral molecular sieves
having tunnel structures like synthetic cryptomelane (OMS-2) with an AMOS =
3.9, and synthetic todorokite (OMS-1) with an AMOS = 3.6.

Elemental analyses yield an overall formula of Nag 3Mgg 3(0OH)p.gMnOOH.
Such data show that Mg2+ is present @ 6.5% and Nat at 5.8%.
Thermogravimetric analysis (TGA) data show a 16% weight loss for treatment to
600°C with an 11% loss until about 300°C and a gradual second loss starting at
4000C to 600°C. Total loss of OH corresponds to a 17% weight loss. Two
endotherms are observed at 190°C and 325°C in the differential scanning
calorimetry (DSC) data. After the OL-2 samples are heated to 500°C, cooled to
room temperature, and another DSC is run, no endotherms (or exotherms) are
observed.

AC impedance measurements of OL-2 show values of 1.2 x 106 Q-1cm-1 at
room temperature. Scanning electron microscopy data show that the particles
have pseudo-cubic morphologies and are on the order of 10 p. Energy
dispersive X-ray (EDX) analyses are consistent with the atomic absorption
analyses at least with respect to elements that are present and in relative
compositions.

Fourier transform infrared (FTIR) data collected by diffuse reflectance
techniques on OL-2 show a strong band at 3650 cm-1 and a broad band from
800 to 600 cm-1. FTIR data after pyridine chemisorption show a very strong
band at 1462 cm-1, a broad band at 1500 cm-1, a weak peak at 1590 cm-1, and
a weak shoulder at 1440 cm-1.

DISCUSSION.
The XRD data for OL-2 are clearly indicative of a layer structure similar to

that of feitknechtite. The presence of Mg2+ in the synthesis mixture has several
effects. First of all, the enhanced intensity of the (002) reflection is indicative of



preferential orientation. The other observed reflections are indicative of
feitknechtite. At longer synthesis times, OL-1 is produced. There is clearly a
transformation in time of OL-2 into OL-1. This can occur by loss of H and an
increase of average manganese oxidation state from 3.15 to 3.6. Oxygen in air is
likely the cause of the oxidation of OL-2; Feitknecht et al. indeed reported air
sensitivity of hydrohausmannite [3]. The layer structures of OL-1 and OL-2 are
essentially the same and it is expected that the -MnOOH form is a more likely
precursor to synthetic birnessite (OL-1) than the other forms shown in Figure 1.

The AMOS data are consistent with Mg2* incorporation in the framework of
OL-2 and the concomitant charge balance of Na* cations. These AMOS and
elemental analysis data are consistent with observed incorporation of M92+ in
octahedral framework sites of OL-1, synthetic cryptomelane and OMS-1,
synthetic todorokite. The EDX data are inherently less quantitative than data
from atomic absorption experiments, however, there are no other species
detected in EDX experiments besides Mn, Na, and Mg.

AC impedance measurements and the ease of collection of SEM data
suggest that OL-2 is a semiconducting material. The increase in AMOS on
transformation to OL-1 may be due to enhancement of anion vacancies, as
earlier proposed on the basis of thermal desorption data [12,13]. Oxygen anion
vacancies have been proposed to be responsible for the semiconducting
behavior of OMS and OL materials [10].

The FTIR data for OL-2 show a strong band at 3650 cm-1 which is due to OH
groups. The broad band from 800 to 600 cm-1 is due to Mn(O)g.x(OH)x groups
having octahedral symmetry. FTIR data after pyridine chemisorption showing a
very strong band at 1462 cm-1 are indicative of both Bronsted and Lewis acid
sites. The broad band at 1500 cm"', is due to both Bronsted and Lewis acid
sites. The weak peak at 1590 cm1, may be due to Brénsted acid sites. The
weak shoulder at 1440 cm-1 is due to Lewis acid sites. All these bands appear
to be shifted to higher frequencies than for other acidic materials [8,9].

The thermal stability data of TGA and DSC experiments show a 16% weight
loss for treatment to 600°C. This is consistent with loss of the OH groups due to
condensation reactions. The first weight loss up to about 3009C is due to
conversion to Mny03. The second loss starting at 400°C to 600°C is due to a
conversion to manganosite, MnO. This is due to reduction to Mn2+ which occurs
with most OMS and OL materials at various temperatures depending on the
composition and structure of the material.

The two endotherms observed at 190°C and 3250C are consistent with these
transformations as well as a conversion to OL-1 (at least partially under these
conditions). After the OL-2 samples are heated to 500°C and cooled to room
temperature, no endotherms (or exotherms) are observed after another DSC is
run because the material has been irreversibly changed due to loss of OH
groups.

The observation of a pseudo-cubic morphology is different from the
hexagonal plate morphology of feitknechtite [3,7]. It is possible that the
incorporation of Mg2* in the framework of OL-2 causes a change in morphology



Fig. 2 Interconversion of OL-2 to OL-1

OL-2
of the crystallites. The change in morphology of OL-2 with respect to natural
feitknechtite is also similar to changes in morphology of doped (Mgz", Cult,
Ni2+, Zn2+) synthetic todorokite (OMS-1) materials [14] with respect to natural
todorokite samples.

Exchange of Mg2* and framework incorporation in octahedral sites of various
clays [15], and octahedral layer structures like birnessite [16], and octahedral
molecular sieve materials like synthetic todorokite [17] are consistent with
several other reports in the literature [15-17].

CONCLUSIONS

The structural (XRD), compositional (AA, AMOS), thermal (TGA, DSC),
morphological (SEM), functional group (FTIR), and acidity (pyridine FTIR) data
discussed above are consistent with the formation of a layered feitknechtite
structure that has Mg2+ framework substitution. The synthetic data reported
here suggest that synthetic feitknechtite (OL-2) is initially formed at very short
periods of time (20 min) in such experiments. At longer periods of time (20 min to
1.5 days) OL-2 converts to synthetic OL-1 via oxidation with air and
incorporation of exchangeable cations in the interlayer spacing of OL-1, in order
to maintain a charge balance in the system. The conversion of OL-2 to OL-1 is
the most reasonable one based on the structures of various manganese
oxyhydroxides. AC impedance measurements show that OL-2 is a
semiconducting material, albeit a poor one. This is likely due to the limited mixed
valency of OL-2 with other materials like OL-1, OMS-1, and OMS-2. The acidity
measurements suggest that OL-2 might be used in acid catalyzed reactions
especially at low temperatures. The role of Mg2+ may be to stabilize OL-2 via
tighter binding of 02- ions than with the OL-2 without Mg2*. The longterm
stability of OL-2 is still under investigation. However, oxidizing environments
lead to the interconversion to OL-1 and other materials.
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